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ABSTRACT OF DISSERTATION 
 
 
THERMO-CHEMICAL CONVERSION OF COAL-BIOMASS BLENDS:                     
KINETICS MODELING OF PYROLYSIS, MOVING BED GASIFICATION AND 
STABLE CARBON ISOTOPE ANALYSIS 
The past few years have seen an upsurge in the use of renewable biomass as a source 
of energy due to growing concerns over greenhouse gas emissions caused by the 
combustion of fossil fuels and the need for energy independence due to depleting fossil 
fuel resources. Although coal will continue to be a major source of energy for many years, 
there is still great interest in replacing part of the coal used in energy generation with 
renewable biomass. Combustion converts inherent chemical energy of carbonaceous 
feedstock to only thermal energy. On the other hand, partial oxidation processes like 
gasification convert chemical energy into thermal energy as well as synthesis gas which 
can be easily stored or transported using existing infrastructure for downstream chemical 
conversion to higher value specialty chemicals as well as production of heat, hydrogen, 
and power.  
 
Devolatilization or pyrolysis plays an important role during gasification and is 
considered to be the starting point for all heterogeneous gasification reactions. Pyrolysis 
kinetic modeling is, therefore, an important step in analyzing interactions between blended 
feedstocks. The thermal evolution profiles of different coal-biomass blends were 
investigated at various heating rates using thermogravimetric analysis. Using MATLAB, 
complex models for devolatilization of the blends were solved for obtaining and predicting 
the global kinetic parameters. Parallel first order reactions model, distributed activation 
energy model and matrix inversion algorithm were utilized and compared for this purpose. 
Using these global kinetic parameters, devolatilization rates of unknown fuel blends 
gasified at unknown heating rates can be accurately predicted using the matrix inversion 
method.  
 
A unique laboratory scale auto-thermal moving bed gasifier was also designed and 
constructed for studying the thermochemical conversion of coal-biomass blends. The effect 
of varying operating parameters was analyzed for optimizing syngas production. In 
addition, stable carbon isotope analysis using Gas Chromatography-Combustion-Isotope 
 Ratio Mass Spectrometry (GC-C-IRMS) was used for qualitatively and quantitatively 
measuring individual contributions of coal and biomass feedstocks for generation of 
carbonaceous gases during gasification. The predictive models utilized and experimental 
data obtained via these methods can provide valuable information for analyzing synergistic 
interactions between feedstocks and also for process modeling and optimization. 
 
KEYWORDS: Coal-Biomass Blends, Thermogravimetric Analysis, Kinetics Modeling, 
Moving Bed Gasification, Stable Carbon Isotope Analysis 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 
Carbon(C) is an abundant non-metallic element. It is distributed widely in nature. 
As a free element, carbon forms different bonds with itself, the result of which is the 
formation of allotropes such as diamond and graphite. Carbon is the major source for 
organic life. Carbon combines with oxygen to produce carbon dioxide which is useful for 
plant growth. Carbon also forms flammable compounds called hydrocarbons when 
combined with hydrogen. These compounds are essential components of fossil fuels. 
Finally, carbon forms many complex molecules such as carbohydrates, sugars, esters, 
celluloses, DNA, RNA, etc. which are important groups of biological compounds. Thus, 
carbon is rightly referred to as the building block of life. Carbon is a major constituent of 
fossil fuels which include coal, oil and natural gas. These fossil fuels were formed millions 
of years ago due to the decay of dead plant and animal matter under conditions of high 
pressure and temperature inside the Earth’s crust. Fossil fuels, on combustion in the 
presence of oxygen, produce an enormous amount of energy, and thus, are of great 
importance in the present-day world. Fossil fuels, on combustion in the presence of oxygen, 
produce an enormous amount of energy, and thus, are of great importance in the present-
day world [1].  
1.1     Global Energy Concerns 
Worldwide energy consumption and escalating energy crisis in recent years, due to 
the global growth in industrialization, economy, population and most importantly, the 
depletion in fossil fuel resources has resulted in the global energy demand to increase 
exponentially [2-4]. This increasing rate will become more rapid in the future. Currently, 
heavy exploitation and extensive use of fossil fuels are the reasons leading towards their 
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foreseeable depletion within the next few decades [5, 6]. Despite continuous development 
of the exploration technology and frequent reports on the discovery of new reserves of oil 
and gas, the increased production cannot meet the world’s energy demand and thus a gap 
exists between the demand and the supply of these two fuel resources [3, 7, 8]. More 
importantly, extensive use of fossil fuels has contributed to climate change due to Green 
House Gas emissions. The energy shortage and the negative impact on the environment 
have created an opportunity for developing alternative, renewable energy resources as 
substitutes for the oil and the natural gas.  
Kentucky produces about 10% of the total coal mined annually in the United States 
[9]. The fluctuating prices of crude oil along with a major decline in the domestic crude 
stocks, has accentuated the importance of alternate sources of fuel and chemical feedstocks. 
On a security point of view, large proportions of oil and gas reserves are concentrated in 
politically unstable regions, therefore, increasing the diversity in energy sources is 
important for many nations to secure a reliable and constant supply of energy [10]. 
Therefore, the production of liquid fuel from solid carbon feedstock is a major area of 
research. 
Liquid fuels produced from coal, by using either direct or indirect liquefaction, can 
potentially replace imported oil. Direct liquefaction, the direct reaction between coal and 
hydrogen, involves the conversion of coal to refinable crude hydrocarbons, from which 
liquid fuels such as gasoline, diesel, kerosene, etc., can be produced. Direct liquefaction of 
coal, an example of which is the Bergius process, is a high-pressure, high-temperature 
process with pressures ranging from 200 to 700 atm. and temperatures ranging from 360 
ºC to 480 ºC. In this process, the hydrogenation reaction is done in the presence of a solvent 
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and a catalyst. The liquids thus produced typically contain a large fraction of aromatic 
hydrocarbons. Lower operating temperatures and pressures are desirable for direct 
liquefaction since higher operating conditions tend to promote the cracking of molecules 
and thus produce more gaseous and solid products.  
Indirect liquefaction first utilizes the process of gasification to produce hydrogen 
and carbon monoxide and then catalytically combines them to produce liquid fuels. It 
involves the process of gasification combined with downstream processes such as Fischer-
Tropsch synthesis to produce diesel or methanol synthesis to produce gasoline. During this 
process, the principal product of the first stage is syngas which leaves behind most of the 
mineral matter in coal and is one its major advantages as it is easier to control the build-up 
of small molecular components than controlling the breakdown of the coal structure [1].  
1.2     Biomass as a Source for Energy 
Energy is the cornerstone to economic stability and development. Since the 
industrial revolution, fossil fuels have stimulated economic growth especially in the 
developed world. Only recently have we realized that this accelerated economic growth 
has not occurred without a penalty. Carbon dioxide emissions from fossil fuels combustion, 
combined with land-use changes, have driven the concentration of this most significant 
greenhouse gas (GHG) to levels in our atmosphere not seen for at least 800,000 years, and 
probably many millions of years [11, 12]. Although somewhat controversial, the scientific 
evidence of global warming and climate change and their link to anthropogenic activities 
has been established. The concentration of GHG in the atmosphere and its consequences is 
expected to be exacerbated given the high rate of world population growth as well as 
economic development expected in developing countries with a direct effect on 
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competition for energy resources. The quest for substitutes to fossil fuels, the need to 
mitigate the negative environmental effects of fossil fuels utilization and the necessity to 
safely and economically dispose wastes have encouraged the development of alternative 
sources of energy and promotion of low quality fuels. Co-conversion of coal and 
biomass/wastes for energy purposes and chemicals are among these alternatives. 
Coal fired power plants are still the largest source of electricity generation in the 
United States (contributing to about 42% of net electricity generation), and will keep their 
lead until 2040 [13]. According to the International Energy Agency (IEA), coal will 
continue to be a global energy solution throughout the 21st century [14]. The world’s coal 
stock is still enormous. Coal has a low cost and a high energy density. It is expected to 
contribute significantly in the future energy needs in many nations  [15, 16], especially in 
fast-developing countries such as China and India. China alone uses nearly twice as much 
coal as all countries from the Organization for Economic Co-operation and Development 
(OECD) combined, while India has since 2011 become the third largest coal consumer in 
the world after China and the United States [16]. Conversion of coal-to-liquids and 
chemicals could become significant in the petrochemical industry. However, coal has a 
major drawback: it is responsible for the emission of environmentally harmful compounds 
[sulfur, nitrogen (N) and heavy metals]. Combustion of fossil fuels, which accounts for 
about 75% of total GHG emissions, together with land-use change is the main source of 
anthropogenic GHG emissions [17-20]. Combustion of coal alone accounts for 30% to 
40% of the share of GHGs from fossil fuels combustion [21, 22]; therefore, coal utilization 
deserves special attention given the likelihood of continued use for electricity generation 
and the potential for coal to partially replace petroleum for chemicals and transportation 
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fuels as has recently occurred in China. In short, fueled by the following factors, the past 
few years have seen an upsurge in interest in gasification of biomass [20]: 
1. Reduction in greenhouse gas emissions caused due to the combustion of fossil fuels. 
2. Need for energy independence emerging due to the depleting resources and 
fluctuating prices of oil and natural gas. 
3. Developing interest in renewable and locally available energy resources. 
If grown in a regenerative manner, biomass systems and respective biofuels as sub-
systems can be considered to be renewable as their combustion does not produce any net 
CO2 emissions (CO2 neutral) [23, 24]. Therefore, the use of biomass as a renewable source 
of energy has been increasingly gaining importance in the recent past and extensive 
research is being done to partially replace fossil fuels with renewable sources of energy for 
thermochemical processes [25]. One method of reducing CO2 emissions from coal-fired 
power plants is to substitute part of the coal feed with a renewable fuel such as biomass or 
waste fuels. Hence many countries have initiated incentives in recent years to encourage 
the co-utilization of biomass for energy production [26].  
By definition, bio-renewable resources are sustainable natural resources implying 
that the resource renews itself at such a rate that it will be available for future use, that is, 
the rate of consumption is equal to or less than the rate at which it is generated. These bio-
renewable resources can be converted into bioenergy. Adding sustainably grown and 
harvested biomass to the coal feedstock would allow an increase in domestic fuel supply 
while reducing total greenhouse gas emissions in two ways. Firstly, the emission of carbon 
during the burning of fuels that are produced from biomass will be countered through the 
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removal of carbon from the atmosphere by the biomass through the process of 
photosynthesis during its growth. Secondly, the CO2 that is produced during the conversion 
of biomass and coal to liquid fuels can be captured and stored [27]. 
1.2.1 Classification of Biomass 
The term biomass is used to encompass any plant-derived organic matter available 
on a renewable basis. This includes dedicated energy crops and trees, agricultural food and 
feed crops, agricultural crop waste and residues, aquatic plants, animal wastes, municipal 
wastes and other waste materials [12, 23-25, 28-30]. A general classification of biomass 
varieties that can be utilized as solid fuel resources is listed in Table 1.2.1. The 
classification is according to their distinct biological diversity, source and origin.  
Table 1.2.1: Classification of different biomass types [23, 31, 32] 
Biomass Groups Varieties and Species 
Wood and woody biomass 
Coniferous or deciduous; soft or hard; 
stems, branches, foliage, bark, chips, 
lumps, pellets, briquettes, sawdust, etc. 
Herbaceous and agricultural biomass 
(a) Grasses or energy crops (alfalfa, 
arundo, cane, miscanthus, switchgrass, 
etc.) 
(b) Straws (barley, corn, wheat, rice, etc.) 
(c) Other residues (fruits, shells, husks, 
grains, seeds, cobs, kernels, etc.) 
Animal wastes Chicken litter, various manures, etc. 
Aquatic biomass Marine or freshwater algae, seaweed, etc. 
Non-agricultural biomass wastes 
Municipal solid waste, refuse-derived fuel, 
sewage sludge, etc. 
Biomass mixtures Blends of above varieties 
The properties of biomass fuels differ significantly from those of typical coals and 
there is a greater variation in these properties compared to coal. The heating values of 
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biomass are typically half that of coal. The bulk densities are also considerably less than 
coal. The ash content of biomass can range from l% to over 20%. The moisture content of 
biomass is generally much higher than coal and can range from over 25% to even over 
50%. The nitrogen content in biomass can vary from 0.l% to over l% but the sulfur content 
of biomass is usually very low because of the lack of pyrite impurities [23]. A sustainable 
biomass supply requires that the resource base be assessed systematically to address 
multiple environmental, public and private sector concerns in parallel. Additional measures 
to grow bio-feedstocks need to be taken for avoiding competition with food supply [33-
35]. 
1.2.2    Resource Assessment of Biomass 
Of all the varieties of biomass discussed in Section 1.2.1 (Table 1.2.1), the potential 
of agricultural residues like corn stover and energy crops such as switchgrass has been 
widely recognized [31, 32]. The availability of these biomass resources in the U.S. and 
their potential energy generation capability are shown in Figures 1.2.1 and 1.2.2. 
Agriculture is a major economic activity in the U.S and corn stover and wheat straw are 
the primary agricultural residues used in energy production. Although more states produce 
wheat than corn, the country’s total MW-generation potential is significantly less from 
wheat straw than from corn stover because wheat straw has a lower energy content than 
corn stover and fewer tons of wheat straw can be collected per acre than corn stover. Corn 
stover has an energy content of 5,290 Btu/lb (wet) and 7,560 Btu/lb (dry). Wheat straw has 
an energy content of 5,470 Btu/lb (wet) and 6,840 Btu/lb (dry).  Most recent USDA census 
lists that agricultural residues and wastes that are available at less than $50/dry ton are 
about 244 million dry tons currently and may increase up to 404 million dry tons by 2030. 
8 
 
 
Figure 1.2.1: Available corn stover residues in the United States of America at less 
than $50/Dry Ton [32]. 
Energy crops like switchgrass are also being considered as a huge potential source of 
biomass feedstock. Although these crops are currently not being grown commercially in 
the U.S, they are still estimated to account for about 540 million dry tons by 2030. These 
crops are estimated to provide about 37% of the total available biomass by 2030. 
Harvesting costs for switchgrass are similar to most forage crops because switchgrass can 
be cut and baled with conventional mowers and balers, which make this energy crop the 
easiest and cheapest to harvest. The advantages of using crops specifically grown for 
energy production is consistency in moisture content, heat content, and processing 
characteristics. Disadvantages include relatively higher overall costs than many fossil 
fuels, higher-value alternative land uses that further drive up costs, added expenses 
associated with harvesting and processing, and farmers’ and power plant owners’ 
unfamiliarity with energy crops.  
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Figure 1.2.2: Availability of switchgrass in the United States of America at less than 
$50/Dry Ton [32]. 
1.3     Gasification 
Gasification is the thermochemical process of converting a low-value solid 
carbonaceous source such as coal, biomass, coke and other organic wastes into synthesis 
gas, a high-value gaseous mixture comprising hydrogen and carbon monoxide in varying 
ratios, which is used as a feedstock for producing fuels and chemicals. Gasification, 
generally done in the presence of mixtures of air/pure oxygen and steam at temperatures 
ranging between 600 ºC and 900 ºC, produces a gaseous mixture of hydrogen, carbon 
monoxide, steam, methane and light hydrocarbons along with some undesirable effluents 
such as inorganic particulates and condensable organic vapors or tars, as they are 
commonly known. Gasification is an extremely effective technology that can be used for 
providing an alternative energy source for crude oil and natural gas. A flowchart illustrating 
the process of converting solid coal/biomass into gaseous and liquid fuel is shown in Figure 
1.3.1 (a) and the advantages of gasification over other conventional processes is shown in 
Figure 1.3.1 (b).   
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Gasification is the most important step and also the bottleneck during the 
thermochemical conversion of solid carbonaceous feed to liquid and gaseous fuels. 
Therefore, a thorough investigation of this process is necessary for producing valuable 
products using downstream processes like Fischer-Tropsch synthesis and water gas shift 
reaction. Coal gasification is an established technology which has been used over the years 
to convert coal partially or completely to syngas [18]. The oxidizing agent can be chosen 
as air, oxygen, steam, or a mixture of these. The resulting gas has a low calorific value 
(3.8-5.6 MJ/Nm3 versus 38 MJ/Nm3 of natural gas) when air is used. This can be increased 
(10-18 MJ/Nm3) by using oxygen or steam but in the latter case sufficient heat should be 
provided because steam gasification is an endothermic process. In some cases, steam is 
added to air to increase the level of hydrogen in the syngas [34]. Oxygen, though primarily 
used for the process of combustion, is a popular gasifying agent. It may be supplied to a 
gasifier either in pure form or through air. 
The heating value and the composition of the gas produced in a gasifier are strong 
functions of the nature and amount of the gasifying/oxidizing agent used.  A ternary 
diagram of carbon, hydrogen, and oxygen demonstrating the conversion paths of formation 
of different products in a gasifier is shown in Figure 1.3.2. As shown in Figure 1.3.2, the 
use of oxygen as a gasifying agent results in the formation of products like carbon 
monoxide and carbon dioxide while also lowering the hydrogen content in the product gas 
since the conversion path shifts towards the oxygen corner. Contrary to this, the use of 
steam as a gasifying agent results in the conversion path shifting towards the hydrogen 
corner, thereby producing a product gas with higher H/C ratio. 
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 Figure 1.3.1 (a): Flowchart illustrating the process of converting solid coal/biomass into gaseous and liquid fuel. 
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 Figure 1.3.1 (b): Flowchart illustrating the processes utilized in biomass conversion and the advantages of gasification 
over other conventional processes. 
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Figure 1.3.2: Ternary diagram demonstrating the formation of different products in 
a gasifier [20]. 
Thermochemical conversion of any carbonaceous source is a complex chemical 
process which includes both homogeneous as well as heterogeneous reactions. Gasification 
is different from combustion in the sense that during combustion, coal is burnt in excess 
oxygen to ensure complete combustion while in gasification partial oxidation occurs, that 
is, the amount of oxygen varies from one-fifth to one-third of the theoretical requirement 
for complete combustion, thus producing syngas (CO and H2) rather than CO2 and H2O 
[19]. 
1.4     Co-Gasification of Coal and Biomass 
A lot of similarities exist between the gasification of coal and biomass. The 
temperature required for complete thermal gasification of biomass is similar to that of coal 
which is around 800 ºC – 900 ºC. However, a number of differences are also present owing 
to the fact that their fuel properties are different. In comparison to coal, which is used in 
most commercial gasification processes, biomass is more reactive and can be effectively 
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gasified at lower temperatures. Being a renewable source as discussed in Section 1.2.1, the 
use of biomass alone as the gasification feed greatly reduces the net production of 
greenhouse gases. However, the process involves higher operating costs and also produces 
higher amount of tar when compared to that of coal.  
Biomass in general has a high content of hydrogen (H), making it suitable as a blend 
to compensate the often-low H content of coal. Biomass as gasification feedstock, although 
giving a high hydrogen yield, has the disadvantage of low energy density because of its 
high oxygen and moisture content.  
This shortcoming is compensated for when blended with a higher energy content 
coal. Other challenges such as the seasonal limitation of biomass are somewhat mitigated 
through co-conversion with coal. The higher tar release (due to excessive volatile release 
and low gasification temperature from biomass gasification) is also reduced as blending 
with coal increases the temperature, enhancing tar cracking. Blending biomass and coal as 
feedstock can reduce the shortcomings of each fuel and boost the efficacy of the overall 
system. The high tar content of product gases from biomass gasification is a major and 
widely recognized problem. These high tar contents arise mainly from the lower 
temperatures and shorter residence times in gasifiers constructed for biomass processing 
compared to those designed for coal gasification. Tar yields from ligno-cellulosic biomass 
materials tend to be considerably higher than tar yields from coals  [33, 34].  
Prins et al. reported that fuels with higher oxygen to carbon ratios have larger 
energy losses due to their high ratio of available chemical energy to heating value [36]. 
Also, such fuels are over-oxidized in the gasifier in order to reach the required gasification 
temperature. Therefore, it can be said that highly oxygenated fuels are not ideal for gasifiers 
 15 
 
keeping in view the energy losses that can be incurred and hence, solid biomass can be 
more readily gasified if it is co-gasified with coal [26]. Therefore, co-gasification of blends 
of coal and biomass to produce syngas (CO + H2), which in turn can be used as feedstock 
for processes such as Fischer-Tropsch Synthesis used for producing liquid fuels, is a major 
area of research.  
One of the major advantages of co-gasification is that it can utilize a much larger 
variety of available feedstock [37]. For the coal plants, partly gasifying biomass enables 
them to potentially obtain credits for the use of a renewable fuel and also lower the 
economics since biomass is a low cost feedstock. As stated earlier, co-converting blends 
of coal and biomass can potentially reduce the GHG emissions and environmental pollution 
due to the fact that biomass is carbon neutral if produced sustainably and also because of 
the fact that the concentration of nitrogen, sulfur and heavy metals are much lower when 
compared to that of coal. Also, co-conversion of coal-biomass blends is relatively cost 
effective when compared to carbon capture and storage (CCS) which has a high energy 
penalty ranging between 15 % and 40 % and therefore, CCS would not be able to meet the 
emissions reduction targets suggested by International Panel on Climate Change (IPCC) 
[12, 38, 39].  
However, several technical issues arise which need to be addressed for co-gasifying 
coal and biomass [27]. Biomass has much lower bulk density, almost one-fifth that of coal; 
and higher moisture content than that of coal. Also, biomass has higher inherent oxygen 
content which, though increases the reactivity, also decreases the energy density [26, 40]. 
The heating values and particle densities of biomass are about half as much as that of coal. 
The overall energy density of biomass is about one-tenth that of coal. Therefore, a large 
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volumetric flow of biomass is needed for mixing even a small percentage of biomass with 
coal for co-gasification. Due to these differences in the physical properties of the two fuels, 
delivery, storage and handling costs for biomass are much higher as compared with coal 
[26, 41].   
The different compositions of coal and biomass also affect the thermodynamic 
efficiency of the co-gasification process. Biomass generally contains higher oxygen to 
carbon ratio which is useful for gasification as it increases the reactivity at lower 
temperatures and also lowers the amount of oxygen that is required to be added for the 
process. Various thermodynamic models have been developed in the past to describe the 
performance of gasifiers and to assess the maximum efficiency that can be attained when 
gasifying different fuels [26, 36].  In general, thermodynamic models assume perfect 
mixing and uniform temperatures in the gasifier. Another common assumption is that the 
reactions occurring during gasification are fast enough with sufficiently long residence 
times to reach equilibrium.  
1.5     Downstream Processing of Syngas 
Syngas generated from gasification can be used for producing pure hydrogen which 
can be used directly as a fuel or as an intermediate in the production of chemicals such as 
ammonia. Syngas can also be used to produce useful industrial chemicals such as methanol 
which can be used as a substitute for gasoline. Methanol is also an important intermediate 
in chemical industries and almost a tenth of the world’s methanol production comes from 
gasification of coal and heavy residues. Production of ultra-clean synthetic fuels from these 
diverse feedstocks can supplement world fuel supplies as well as mitigate the dependence 
on traditional crude oil [42, 43].  
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Fischer-Tropsch synthesis, catalyzed most commonly by Iron or Cobalt based 
catalysts, is the process used for converting syngas to liquid fuels. It is a mildly exothermic 
polymerization reaction with CH2 as monomer, producing primarily saturated n-alkanes, 
ranging from methane to high molecular weight waxes. The wax products obtained from 
Fischer-Tropsch synthesis can then be upgraded by hydrocracking the heavy wax products 
or catalytic dewaxing/hydro-isomerization to produce various fuels like gasoline, diesel 
and jet fuel while the gaseous products are a combination of synthetic natural gas and 
liquefied petroleum gas [21, 42].  
The equation shown below is a general representation of Fischer-Tropsch Synthesis 
[44]. 
CO + 2H2                            (CH2)    + H2O   ∆H = - 40 kcal/gmol CO              Eq. 1.5.1 
The clean synthesis gas obtained from gasification is used as feed for the Fischer-
Tropsch synthesis, where most of the clean gas is converted into zero-sulfur liquid 
hydrocarbon fuels. Fischer-Tropsch synthesis produces a wide array of hydrocarbon 
products in addition to some oxygenates. The array of products depends on the chain 
growth probability relative to chain termination. The probability function can be 
theoretically modeled using Anderson-Schultz-Flory distribution, in which the parameter 
alpha determines the shape of the probability curve; the higher the value of alpha, the longer 
the hydrocarbon chains [27, 44, 45]. 
1.6     Types of Gasifiers and Applications 
There are three main types of reactors that are used for the process of gasification: 
moving bed gasifier, fluidized bed gasifier and entrained bed gasifier. These reactor 
schemes differ from each other with respect to the type of feedstocks that can be used, 
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particle size distribution, residence time, reaction temperature and pressure as well as the 
flow patterns of the reactants and products. 
1.6.1    Moving Bed Gasifier 
A moving bed gasifier or a fixed bed gasifier, as it is sometimes referred to, follows 
a counter current type of operation in which the solid feed such as coal or biomass is fed 
from the top while the gasifying agent is fed from the bottom. In a moving bed gasifier, 
relatively large lumps of coal move down slowly through the bed while reacting with gases 
moving upwards. This type of gasifier, whose residence time is typically 30 minutes to 60 
minutes, is normally designed to operate for pressures ranging from 1 atm to 100 atm. A 
picture depicting the moving bed gasifier and the temperature profile inside the bed is 
shown in Figure 1.6.1.  
                                                
Figure 1.6.1: Diagram of a generic moving bed reactor [19, 26]. 
The main advantage of using a fixed/moving bed reactor is because of the fact that in such 
a reactor high carbon conversion, longer solid residence times, low ash carry over and high 
thermal efficiency can be obtained. Moving bed gasifiers have high cold gas efficiency as 
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compared with other gasifiers as a large proportion of the heating value of the solid feed 
appears as chemical energy in the gas rather than thermal energy. Another advantage of the 
moving bed gasifier over other gasifier technologies is heterogeneity of reactions within 
the gasifier. In the pyrolysis zone, volatile matter present in the coal feed is driven out of 
the coal matrix as a mobile phase in vapor form leaving behind a solid char matrix.  Since 
this reaction occurs in the non-oxidizing zone of the moving bed gasifier, the mobile phase 
does not convert to synthesis gas and can be collected and condensed separately as liquid 
fuel. In power generation units, including pulverized coal combustors and integrated 
gasification combined cycle (IGCC) gasifiers, the volatile matter is simply combusted for 
its heat content.  In a moving bed gasifier, analogous to direct liquefaction, this volatile 
matter is collected as a separate fuel while the remaining char is subsequently converted to 
synthesis gas which can be further converted to liquid fuels via indirect liquefaction. In the 
past, ash removal was one of the major problems in this type of gasifier but the usage of 
rotating grates at the bottom of the gasifier more recently has negated the problems caused 
during ash removal. The temperatures in the gasifier may exceed the ash melting point if 
less steam is used, thus causing the gasifier to be slagging.  
Inside a moving bed gasifier, the solid feed that is fed from the top is sequentially 
dried, devolatilized, gasified and combusted. In the drying or feeding zone at the top of the 
gasifier, the coal is heated and dried while the product gas is cooled before leaving the 
reactor. The coal is further heated as it descends and begins to devolatilize. Once 
devolatilized, the coal is gasified with steam and CO2. The combustion zone is at the 
bottom of the reactor where the oxygen reacts with the remaining char and highest 
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temperatures are attained. Due to this reason, there is a large temperature gradient within 
the bed in this type of gasifier as shown in Figure 1.6.1.  
Moving bed gasifiers have limited tolerance to the presence of fines as these tend 
to be blown away from the top due to the high flow rate of the gases coming through. Also, 
the presence of excess amount of fines in the solid feed hinders the path of the up-flowing 
syngas resulting in clogging of the gasifier. In addition, the moisture content of the feed 
affects the discharge temperature. In the case of reactor technology, fixed beds have a wide 
temperature distribution. This includes possibilities for hot spots with ash fusion, low 
specific capacity, long periods for heat-up and a limited scale-up potential. For plants with 
high power requirement the limited scale-up includes higher investment costs for a cascade 
of single fixed beds. To avoid channeling the feedstock has to be as uniform as possible 
[46].  
1.6.2 Fluidized Bed Gasifier 
In a fluidized bed gasifier, the solid feed is gasified in a bed of hot non-combustible 
particles suspended by an upward flow of fluidizing gas. They can either use bubbling bed 
or circulating bed technology. The bed is formed of a mixture of sand, coke, char, sorbent 
or ash. Crushed feed, in the size range 0.5-5 mm, enters the side of the reactor while the 
steam and air or oxygen enter mainly at the bottom and fluidize the bed. The residence time 
of the feed in the gasifier is typically in the range 10-100 s but can be much longer. High 
levels of back mixing ensure a uniform temperature distribution in the gasifier. These 
gasifiers operate at temperatures below ash fusion temperatures of 900-1050 ºC to prevent 
ash melting, to avoid clinker formation and the loss of fluidity in the bed. They are usually 
air based. The low operating temperatures can result in incomplete gasification and the 
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char particles entrained in the raw gas leaving the gasifier are usually recovered by a 
cyclone and recycled back to the gasifier.  
A typical fluidized bed is shown in Figure 1.6.2. Fluidized beds have good heat and 
material transfer between the gas and solid phases with the best temperature distribution, 
high specific capacity and fast heat-up. They tolerate wide variations in fuel quality and a 
broad particle size distribution. Disadvantages of fluidized beds are high dust content in 
the gas phase and the conflict between high reaction temperatures with good conversion 
efficiency and low melting points of ash components [46]. 
 
Figure 1.6.2: Diagram of a generic fluidized bed gasifier [19, 26]. 
1.6.3 Entrained Bed Gasifier 
In entrained flow gasifiers, fine coal particles react concurrently with steam and 
oxygen or air. The solid feed that is fed into the gasifier can be either dry or wet. These 
gasifiers operate at high temperatures between 1200 ºC and 1600 ºC and pressures in the 
range of 20 atm to 80 atm. The temperature must be maintained above the slagging 
temperature so that ash behaves as a liquid. Otherwise, the ash becomes sticky and 
agglomerates, thereby causing fouling of the gasifier. A typical entrained flow gasifier 
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along with its temperature distribution is shown in Figure 1.6.3. The residence time of an 
entrained flow gasifier is very low and is of the order of seconds. Hence, to achieve high 
carbon conversion, these gasifiers must operate at high temperatures. Generic 
characteristics of entrained flow gasifiers include: high temperature slagging operation, 
entrainment of molten slag in the raw syngas, large oxidant requirements, ability to gasify 
all coal regardless of rank, caking characteristics or amount of fines. 
 
 
Figure 1.6.3: Diagram of a generic entrained bed gasifier [19, 26]. 
1.7     Gasification Processes 
Gasification is a combination of several processes that occur at distinct temperature 
regimes or zones within a gasifier. Gasification packs energy in chemical bonds in the 
product gases while adding hydrogen and stripping off carbon from the feedstock to 
produce gases with higher hydrogen to carbon ratio. A simplified reaction sequence for 
coal or biomass gasification in a moving bed reactor can be described by the following 
stages from top to bottom of the reactor [18, 20, 37, 47].  
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1. Elimination of moisture or drying. 
2. Pyrolysis process during which volatile matter such as condensable tar, and gases 
like carbon monoxide, methane and hydrogen are released. 
3. Homogeneous reaction of volatiles in the gas phase. 
4. Heterogeneous reaction of char and gas phase species such as steam and carbon 
dioxide. 
5. Oxidation of the carbonaceous source to produce carbon dioxide and heat. 
6. Release of mineral matter and transformation. 
The amount of moisture present in coal varies depending on the type and rank of 
coal. Generally, the moisture content decreases as the rank of coal increases, i.e. lignite has 
the highest percentage of moisture while bituminous coals have the lowest. The combustion 
of volatiles provides the heat required for the evaporation of the moisture present in coal, 
typically between the temperatures of 100 ºC and 150 ºC. This energy used for vaporizing 
the moisture is non-recoverable. However, the evaporated moisture can also act as a 
gasifying agent during the later stages of the process, thus decreasing the steam 
requirement in some cases. 
1.7.1 Pyrolysis or Devolatilization 
Pyrolysis or devolatilization (used interchangeably) is the first zone of the 
gasification process. The chemical components in the raw coal decompose by heating to a 
relatively low temperature (350-800°C) in the absence of oxygen. Coal/biomass can be 
considered as a complex polymer network consisting of aromatic clusters and aliphatic 
bridges. During the process of pyrolysis, the complex structure of coal is broken down in 
to several small fragments whose vapor pressure is high enough to form volatile matter. 
The duration of evolution of volatiles is relatively shorter for biomass than coal [48]. The 
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products include: pyrolysis gases (CO, H2, CH4 and H2O), tar, oil, naphtha and residual 
solid char. A schematic diagram representing the process of pyrolysis is shown in Figure 
1.7.1. A complete description of the characteristics of pyrolysis is complicated, but for a 
given sample, the pyrolysis behavior depends on the heating rate, final decomposition 
temperature, vapor residence time, the environment under which the pyrolysis takes place, 
pressure, coal particle size and coal rank [49]. The structure and the composition of the 
char obtained are also greatly affected by the pyrolysis conditions. This can be considered 
as the starting point for all heterogeneous gasification reactions. 
 
    Coal or Biomass Tar
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convective 
heat
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Primary decomposition reactions
Secondary decomposition 
reactions
 
Figure 1.7.1: Schematic representing the process of pyrolysis in coal or biomass. 
1.7.2 Reaction of Volatiles 
The volatiles formed during the pyrolysis process mainly contain carbon monoxide, 
methane, hydrogen, hydrocarbon liquids and tars. In the presence of an oxidant surrounding 
the coal particles, these volatiles react exothermically in gas phase releasing significant 
amount of heat, thereby increasing the temperature of product gases. However, during 
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gasification, volatile combustion will not reach completion, particularly in those feedstocks 
having high volatile content, due to the low oxygen to coal ratio. Mass transport limitation 
between phases is negligible during this process since volatile combustion is a gas phase 
homogeneous reaction. There is, however, a mass transfer resistance due to gas phase 
mixing of combustible gases and oxidizers. In general, volatile combustion is much faster 
than the pyrolysis process, which in turn is much faster than the char gasification process. 
1.7.3 Char Gasification 
In any gasifier, char gasification takes place following coal pyrolysis. The 
remaining carbonaceous solids from the pyrolysis reactions are further oxidized to syngas 
through heterogeneous reactions with carbon dioxide, carbon monoxide, steam, oxygen 
and hydrogen. The reactivity of chars in gaseous atmospheres is a complicated 
physicochemical process depending on the temperature, particle structure, carbon source 
and thermal history of the char. Char gasification is the slowest step occurring in a gasifier 
and hence, is the rate controlling step. The reactivity of coal chars depends on a number of 
factors such as the minerals present in coal, the conditions at which pyrolysis occurs to 
form char and the gasification conditions which convert the char to gases [19]. 
While developing the char gasification rates and mechanisms, coal is always 
assumed to be pure carbon reacting with other components in the gasifier. Additionally, 
the overall rate of char gasification may be affected not only by chemical kinetics but also 
by intraparticle and external mass transfer resistances [50]. Therefore, any description of 
the kinetics of the gasification reactions must include its intrinsic chemical rate and the 
effects of mass transfer. The gasification of char by steam or carbon dioxide proceeds by 
the formation of carbon-oxygen complexes on active sites. One of the most important steps 
in developing kinetic models for char gasification is desorption of CO and CO2 from the 
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active sites. Therefore, it is important to understand the chemistry of the surface on which 
the carbon-oxygen complexes form and desorbs [51]. 
1.8     Chemical Reactions During Gasification  
As discussed earlier, during the gasification of solid carbon, the principle chemical 
reactions are those involving carbon, carbon monoxide, carbon dioxide, hydrogen, steam 
and methane. Since this research is focused on moving bed gasifiers, those reactions that 
occur during the process of gasification in a moving bed gasifier will be described as an 
example.  
As described in the prior section on moving bed gasifiers, the gasifying medium 
enters the reactor from the bottom and meets unconverted char descending from the top. 
The temperature in the bottom layer is much higher than the ignition temperature of carbon 
and therefore, a highly exothermic combustion reaction, shown in Equation 1.8.1, takes 
place in the presence of excess oxygen. The heat thus released during this process helps in 
heating the upward moving gas as well as the descending solids. 
 
             C + O2      CO2   ∆H = -394 kJ/mol                         Eq. 1.8.1      
                                         
As the combustion reaction is extremely fast, most of the oxygen is consumed 
during this process. Hence, as the oxygen contained in the upward moving gas is reduced 
further, the combustion reaction is converted to partial combustion, releasing carbon 
monoxide and moderate amount of heat. The carbon monoxide thus formed, combines with 
remaining oxygen to release carbon dioxide exothermically. 
                       C + ½ O2                 CO    ∆H = -111 kJ/mol                      Eq. 1.8.2 
                              CO + ½ O2                 CO2       ∆H = -283 kJ/mol                     Eq. 1.8.3 
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The hot gas which is a mixture of CO, CO2 and steam from the feed and gasifying 
medium, moves further up into the gasifying zone, where char from the top of the bed is 
gasified with carbon dioxide. The carbon dioxide concentration is high in the combustion 
zone, but once oxygen is depleted, CO2 enters the gasifying zone and reacts with char to 
form carbon monoxide. This reaction, known as the Boudouard reaction, is endothermic in 
nature and results in a decline in the CO2 concentration in the gasification zone. 
 
                                      C + CO2                 2CO     ∆H = +172 kJ/mol                Eq. 1.8.4 
 
Apart from the Boudouard reaction, the char also reacts with steam that enters the 
gasification zone to produce carbon monoxide and hydrogen. This reaction, popularly 
known as the water gas reaction, is also endothermic like the Boudouard reaction and 
results in further increasing the concentration of carbon monoxide in the gasification zone.  
     
                                 C + H2O                      CO + H2   ∆H = +131 kJ/mol            Eq. 1.8.5 
 
This reaction is favored by high temperatures and reduced pressures and in the absence of 
a catalyst occurs slowly around 900 ºC. This reaction is faster than the Boudouard reaction 
under same conditions. It should be noted that gasification with steam produces two 
molecules of synthesis gas per atom of carbon whereas the partial combustion reaction with 
oxygen produces only one. Sensible heating of the hot gas provides the heat required for 
the two endothermic gasification reactions given by Equations 1.8.4 and 1.8.5. These are 
responsible for most of the gasification products like hydrogen and carbon monoxide. Due 
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to the endothermic nature of these reactions, the temperature of the product gas reduces. 
Figure 1.8.1 gives an insight into the various stages occurring in a moving bed gasifier.  
Apart from the major reactions described above, few other reactions occur during 
gasification. These are as follows: 
 
Gasification with hydrogen:     C + 2H2                 CH4     ∆H = -75 kJ/mol      Eq. 1.8.6 
 
The reaction of char with hydrogen proceeds at a very slow rate except at very high 
pressures. 
 
Water gas shift reaction: CO + H2O            CO2 + H2     ∆H = -41 kJ/mol         Eq. 1.8.7 
 
The water gas shift reaction is an exothermic reaction and has an effect on the 
H2/CO ratio of the gasification product. The H2/CO ratio is very important when the gas is 
used for synthesis in the downstream processes such as Fischer-Tropsch synthesis. 
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Figure 1.8.1: Stages of gasification in a moving bed reactor. 
 
Methanation reaction: CO + 3H2             CH4 + H2O     ∆H = -206 kJ/mol       Eq. 1.8.8 
 
The methanation reaction increases the heating value of the product gas since 
methane has a high heat of combustion but proceeds at a very slow rate in the absence of 
catalysts except at high pressures. In general, for real fuels, the overall reaction can be 
written as:  
             CnHm + n/2 O2                nCO + m/2 H2                                        Eq. 1.8.9 
Where, 
 For gas, such as pure methane, m = 4 and n = 1. 
 For oil, m/n ≈ 2 
 For coal, m/n ≈ 1 
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Due to the high temperatures in the gasification process, no hydrocarbon other than 
methane is present in appreciable quantity in the outlet of the gasifier. 
1.9     Kinetic Modeling 
One of the main objectives of this research is to establish the synergistic effects of 
coal-biomass blends in making co-gasification a useful and economical process. Kinetic 
modeling of the devolatilization behavior of coal and biomass is an important step to assess 
the contribution of single materials and their interactions during the devolatilization stage. 
The understanding of kinetics of pyrolysis of blends of biomass and coals is far from clear 
and it is important in design and operation of co-gasification processes.  
Thermogravimetric analysis (TGA) can be used to investigate thermal events and 
kinetics of pyrolysis and oxidation of the solid raw materials. Thermogravimetric analysis 
provides a measurement of weight loss of the sample as a function of time and temperature. 
The kinetics of the thermal events can then be determined by the application of the 
Arrhenius equation corresponding to the separate slopes of constant mass degradation in 
each thermal event with different reaction order, activation energy and frequency factor. 
Thermogravimetric analysis experiments can be carried out either isothermally, where the 
sample is heated at a constant temperature, or non-isothermally, where the sample is heated 
at a constant rate. Isothermal experiments are cumbersome due to the fact that the sample 
might take a long time to reach even 50 % conversion at relatively low temperatures of 500 
ºC or less apart from the fact that multiple experiments are required for predicting the 
kinetic parameters. On the contrary, the kinetic parameters can be predicted using only a 
single experimental run in the non-isothermal mode apart from achieving close to complete 
conversion in a much shorter period of time. 
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As described earlier, coal devolatilization is a process involving complex 
decomposition and the exact description of the kinetics involved is not yet available. 
Several authors have approximated the overall process as a first-order decomposition 
occurring uniformly throughout the particle [17, 52-54].  Therefore, the pyrolysis reaction 
equation can be conveniently represented as: 
 
                                         𝑑𝑋/𝑑𝑡 = 𝑘(1 − 𝑋)                                             Eq. 1.9.1 
                                                      𝑋 = (
𝑊0− 𝑊𝑡
𝑊0−𝑊𝑓
)                                                     Eq. 1.9.2 
And,                                          𝑘 = 𝐴𝑒𝑥𝑝(−𝐸/𝑅𝑇)                                                 Eq. 1.9.3 
                                                         
where X is the pyrolysis conversion, k is the reaction rate constant, W0 is the original mass 
of the test sample, Wt is the mass of the test sample at time t, Wf is the final mass at the 
end of pyrolysis, E is the activation energy, T is the temperature, A is the pre-exponential 
factor and R is the universal gas constant.  
Solution of Equation 1.9.1, via integration subject to the condition that conversion 
is zero at initial time, yields the following result: 
 
                                                        − ln(1 − 𝑋) = 𝑘𝑡                                            Eq. 1.9.4 
Hence, the rate constant k can be determined from the slope of a plot of –ln (1-X) versus 
time. Subsequently, the values of activation energy and pre-exponential factor can be 
estimated from the slope and intercept, respectively, of an Arrhenius plot ln k versus 1/T 
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represented by Equation 1.9.3. Equations 1.9.1 through 1.9.4 represent the pyrolysis 
reaction as a global one step kinetic chemical reaction model under isothermal conditions. 
For pyrolysis or oxidation reactions under non-isothermal conditions, the heating 
rate H plays a very important role in determining the kinetic parameters [54-56]. For a first-
order reaction at constant heating rate, 𝐻 =   𝑑𝑇/𝑑𝑡, a combination of Equations 1.9.1 and 
1.9.3 yields the following result: 
 
                              𝑑𝑋/𝑑𝑇 = [𝐴(1 − 𝑋)/𝐻] 𝑒𝑥𝑝(−𝐸 𝑅𝑇⁄ )                         Eq. 1.9.5 
 
As in the case of isothermal analysis, solution of Equation 1.8.5, via integration subject to 
the condition that conversion is zero at initial temperature, T0, yields the following result: 
 
                                    𝑙𝑛(1 − 𝑋) =  −(𝐴 𝐻⁄ ) ∫ 𝑒𝑥𝑝(
−𝐸
𝑅𝑇⁄ )
𝑇
𝑇0
 𝑑𝑇                      Eq. 1.9.6 
 
Since, there is no conversion at initial temperature, T0, the limits of the integral in Equation 
1.9.6 can be conventionally changed to ∫ exp(−𝐸 𝑅𝑇⁄ )
𝑇
0
, thereby introducing a new 
function as represented in Equation 1.9.7. 
                                                   𝑓(𝑦) =   ∫ (𝑒
−𝑦
𝑦2⁄ )
∞
𝑦
 𝑑𝑦                                    Eq. 1.9.7   
Where, 𝑦 =  (−𝐸 𝑅𝑇⁄ ) 
Therefore, Equation 1.9.6 reduces to,  
                                            𝑙𝑛(1 − 𝑋) =  −(𝐴 𝐻⁄ ) 𝑓(𝑦)                                         Eq. 1.9.8  
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Since Equation 1.9.7 cannot be solved analytically, the function 𝑓(𝑦) can be approximated 
using two theories: Doyle’s approximation and Coats-Redfern approximation. The use of 
these approximations would help in transforming Equation 1.9.7 into simple linear forms 
and thus obtaining the activation energy, E and pre-exponential factor, A as shown in 
Equations 1.9.9 through 1.9.13. 
In Doyle’s approximation, 𝑓(𝑦) is obtained by assuming a linear relationship 
between ln 𝑓(𝑦) and 𝑦 as shown in Equation 1.9.8 while in Coats-Redfern approximation 
an asymptotic expansion of 𝑓(𝑦) is assumed where in only the first term is utilized. 
Doyle’s Approximation:                      
                                               𝑓(𝑦) ≅ 𝑒𝑥𝑝(−5.33 −  𝑦)                                          Eq. 1.9.9 
And,                𝑙𝑛[𝑙𝑛(1 − 𝑋)] = 𝑙𝑛(−𝐴𝐸 𝐻𝑅⁄ ) −  5.33 − 1.052(
𝐸
𝑅𝑇⁄ )              Eq. 1.9.10 
Coats-Redfern Approximation: 
                    𝑓(𝑦) =  𝑒
−𝑦
𝑦2 ⁄  [1 − (
2!
𝑦⁄ ) + (
3!
𝑦2⁄ ) − (
4!
𝑦3⁄ ) + … ]           Eq. 1.9.11 
 Or,                                                      𝑓 (𝑦)  ≈  𝑒
−𝑦
𝑦2⁄                                         Eq. 1.9.12 
And,                            𝑙𝑛 [−𝑙𝑛
(1 − 𝑋)
𝑇2
⁄ ] = 𝑙𝑛(𝐴𝑅 𝐻𝐸⁄ ) − 
𝐸
𝑅𝑇⁄                     Eq. 1.9.13 
The theory presented using Equations 1.9.1 through 1.9.13 models the pyrolysis and 
oxidation reactions assuming them to be first-order decomposition reactions. However, in 
reality, these reactions need to be modeled for an unknown reaction order. For an nth order 
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reaction, a similar theory as to the one presented above can be utilized to determine the 
kinetic parameters [57, 58], where in Equation 1.9.13 can be modified as: 
                      𝑙𝑛 [
(1 − (1 − 𝑋)1−𝑛)
(1 − 𝑛)𝑇2
⁄ ] = 𝑙𝑛(𝐴𝑅 𝐻𝐸⁄ ) + 
𝐸
𝑅𝑇⁄           Eq. 1.9.14 
Kinetic parameters obtained using the single first order reaction models are actually 
a starting point in the devolatilization modeling. More accurate and specific models are 
required to meet the experimental results of each material, one model being the distributed 
activation energy model [52, 53]. The distributed activation energy model treats the 
thermal decomposition process as a large number of independent, parallel rate processes. 
The thermal decomposition of a single organic species can be described as an irreversible 
first-order reaction with respect to the amount of unreacted material remaining. Thus, the 
rate at which the volatiles are produced by a particular reaction can be defined according 
to the mass balance on the reactant species. 
                                                          
𝑑𝑉𝑖
𝑑𝑡⁄ = 𝑘𝑖(𝑉𝑖
∞ − 𝑉𝑖)                                 Eq. 1.9.15 
                                           𝑉𝑖
∞ − 𝑉𝑖 = 𝑉𝑖
∞ 𝑒𝑥𝑝 (−𝐴𝑡 𝑒𝑥𝑝(−𝐸 𝑅𝑇⁄ ))𝑖
                Eq. 1.9.16 
Where 𝑉𝑖
∞ is the final quantity of volatile matter for the generic species, i, and 𝑘𝑖 is the 
rate constant of the reaction expressed according to the Arrhenius law. 
This type of kinetic model requires that the amount of volatiles and kinetic 
parameters known for all the single reactions. To estimate these parameters from 
experimental data for all the reactions is practically not possible. The problem can be 
simplified if it is assumed that the rate constants for all the reactions differ only in the 
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activation energy. The number of reactions is large enough so that the activation energy 
can be expressed as a continuous Gaussian distribution function 𝑓(𝐸) and 𝑓(𝐸)𝑑𝐸  
representing the potential loss of volatile fraction with activation energy between the 
intervals E and E + dE.  
                                   Thus, 𝑉𝑖
∞ = 𝑑𝑉∞ = 𝑉∞ 𝑓(𝐸)𝑑𝐸                                       Eq. 1.9.17 
The total amount of volatile material unreleased is obtained by summing the contribution 
from each reaction, that is, by integrating Equation 1.9.16 over all values of E using 
Equation 1.9.17. Finally, the yield of volatiles can be calculated using Equation 1.9.18. 
                             
(𝑉∞ −  𝑉)
𝑉∞⁄ =  [∫ exp (− (∫ 𝑘 𝑑𝑡
𝑡
0
)  𝑓(𝐸)𝑑𝐸)
∞
0
]                Eq. 1.9.18 
and,                            𝑓(𝐸) =  (𝜎(2𝜋)0.5)−1 exp [
−(𝐸 − 𝐸0)
2
2𝜎2
⁄ ]                   Eq. 1.9.19 
where  𝑉∞ is the global volatile quantity of the material, 𝐸0 is the mean activation energy 
and 𝜎 is the standard deviation of the activation energy. 
This approach avoids the low values of the activation energies which result when a 
single first-order reaction model is applied to fit a temperature dependence that arises from 
the occurrence of different reactions in different temperature intervals [17]. The theories 
presented in this chapter would form a basis for analyzing the experimental data discussed 
in the chapters that follow. 
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1.10   Research Objectives 
For thermochemical conversion of coal and biomass to gaseous and liquid fuel, the 
most important steps are pyrolysis and gasification. This research examined the 
devolatilization characteristics using thermogravimetric analysis at various heating rates 
and co-gasification characteristics of different blends of coal and biomass in a moving bed 
reactor under varying reaction conditions. It is important to develop a versatile technology 
that can benefit from different fuel compositions. Although, there is a large scientific 
knowledge on separate gasification of coal and biomass, the application of co-gasification 
technology is still under development. The research objectives are broken down into the 
following individual tasks: 
1. Variation in feed material:  To evaluate the gasification properties for a variety 
of feed materials which include different coals, biomasses and their selected blends. 
The feed materials utilized in this research work include two different rank coals: 
DECS-38 Sub- Bituminous coal and DECS-25 Lignite coal; and two biomass 
feedstocks consisting of agricultural crop residues like corn stover and energy crops 
like switchgrass. The two coals were blended with each of the biomass materials 
up to a maximum of 30% by weight of biomass respectively.  
2. Synergy in Coal-biomass blends: Potential synergistic effects between blends of 
coal and biomass on the production of liquid and gaseous fuels was examined based 
on the experimental results using thermogravimetric data and actual product gas 
composition obtained at various operating conditions using the laboratory scale 
moving bed gasifier. 
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3. Kinetics of pyrolysis: Non-isothermal thermogravimetric analysis were performed 
on all the feed materials to establish the effect of heating rates on devolatilization. 
The thermogravimetric analysis was performed at four different heating rates of 5 
ºC/min, 10 ºC/min, 20 ºC/min and 40 ºC/min in an inert nitrogen atmosphere. These 
experiments were carried out at temperatures within the devolatilization interval of 
each material. 
4. Kinetics of Boudouard reaction: Non-isothermal thermogravimetric analysis of 
carbonaceous feed material in carbon dioxide atmosphere was also performed at 
relatively higher temperatures to study the effects of heating rates and temperatures 
on the Boudouard reaction.  
5. Kinetic modeling of pyrolysis and Boudouard reaction: Kinetic modeling of the 
obtained thermogravimetric analysis data was evaluated for the feed materials. 
Three models, namely, single first-order reaction model, distributed activation 
energy model and model-free matrix inversion algorithm were used for determining 
the kinetic parameters like activation energy and pre-exponential factor.  
6. Effect of Steam/Oxygen/Air ratio: For the experiments on the laboratory scale 
moving bed reactor, gasification on the feed materials was performed by varying 
the steam:oxygen (or air) ratio from 0 to 2.5:1. The effect of steam and O2 (or air) 
content in the inlet gas stream on the gasification products and overall efficiency 
was thus analyzed. 
7. Oxygen partial pressure: The effect of partial pressure of oxygen on the 
gasification products was also studied by varying the oxygen percentage in the inlet 
 38 
 
gas stream. Five different concentrations of air were utilized: 20 %, 40 %, 60 % 
and 80 % and 100 % that is, from pure air to pure oxygen. It was important to 
perform research task 6 to obtain the operating conditions that give the best possible 
H2:CO ratio, syngas:CO2 ratio and efficiency. 
8. Effect of addition of biomass: As stated in Research Task 1, sub-bituminous coal 
and lignite coal were blended individually with up to 30 % by weight of corn stover 
and switchgrass respectively. The blended feedstocks were then gasified at 
operating conditions specified in Research Task 6 and the product gas compositions 
and gasification characteristics were compared with that of pure coals. 
9. Isotope Ratio Mass Spectrometry: Stable carbon isotope analysis, a unique 
analytical technique, has been utilized for distinguishing and quantifying the 
individual contributions of coal and biomass feedstock materials in the generation 
of carbon containing gases during the gasification of their blends and check for the 
existence of isotopic equilibrium during moving bed gasification.
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CHAPTER 2: THERMOGRAVIMETRIC ANALYSIS OF COAL-BIOMASS 
BLENDS 
The thermal evolution profiles and kinetic parameters for the pyrolysis of two coals 
(DECS-38 Sub- Bituminous coal and DECS-25 Lignite coal), one biomass sample (corn 
stover) and their blends (10%, 20% and 30% by weight of corn stover) have been 
investigated at a heating rate of 5 °C/min in an inert nitrogen atmosphere, using 
thermogravimetric analysis. The weight loss profiles observed illustrate that the thermal 
evolution profiles of the single fuels are different from that of the blends. The thermal 
evolution profiles of DECS-38 Sub-Bituminous coal (SB) and DECS-25 Lignite coal (LG) 
display only one major peak over a wide temperature distribution, ~ 152-814 °C for SB 
and ~ 175-818 °C for LG whereas the thermal decomposition profile for corn stover (CS) 
falls in a much narrower band than that of the coals, ~ 226-608 °C. The non-linearity in the 
evolution of volatile matter with increasing percentage of corn stover in the blends verifies 
the possibility of synergistic behavior in the blends with sub-bituminous coal where 
deviations from the predicted yield ranging between 2% -7% were observed whereas very 
little deviations (1% - 3%) from predicted yield were observed in blend with lignite coal 
indicating no significant interactions with corn stover.  
2.1     Introduction 
Pyrolysis or devolatilization (used interchangeably) is the first zone of the 
gasification process as described in Chapter 1. The chemical components in the raw coal 
decompose by heating to a relatively low temperature (350-800°C) in the absence of 
oxygen. Coal can be considered as a complex polymer network consisting of aromatic 
clusters and aliphatic bridges. During the process of pyrolysis, the complex structure of 
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coal is broken down in to several small fragments whose vapor pressure is high enough to 
form volatile matter. The duration of evolution of volatiles is relatively shorter for biomass 
than coal [48]. The products include: pyrolysis gases (CO, H2, CH4 and H2O), tar, oil, 
naphtha and residual solid char [18, 20, 37, 59]. A complete description of the 
characteristics of pyrolysis is complicated, but for a given sample, the pyrolysis behavior 
depends on the heating rate, final decomposition temperature, vapor residence time, the 
environment under which the pyrolysis takes place, pressure, coal particle size and coal 
rank [49]. The structure and the composition of the char obtained are also greatly affected 
by the pyrolysis conditions. This can be considered as the starting point for all 
heterogeneous gasification reactions.  
Kinetic modeling of the devolatilization behavior of coal and biomass is, therefore, 
an important step in assessing the contribution of single materials and their interactions 
during the devolatilization stage. The understanding of kinetics of co-pyrolysis of blends 
of biomass and coals, particularly the mixtures of Montana coals, corn stover and 
switchgrass used in this study, is far from clear and, hence, it is important in design and 
operation of co-gasification processes.  
Thermogravimetric analysis (TGA) can be used to investigate thermal events and 
kinetics of pyrolysis and oxidation of the solid raw materials. TGA analysis provides a 
measurement of weight loss of the sample as a function of time and temperature. The 
kinetics of the thermal events can then be determined by the application of the Arrhenius 
equation corresponding to the separate slopes of constant mass degradation in each thermal 
event with different reaction order, activation energy, and frequency factor. TGA 
experiments can be carried out either isothermally, where the sample is heated at a constant 
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temperature, or non-isothermally, where the temperature of the sample is increased at a 
constant rate. Isothermal experiments are typically slower since the sample might take a 
long time to reach even 50 % conversion at temperatures of 500 ºC or less and multiple 
experiments are required for determining the kinetic parameters. On the contrary, the 
kinetic parameters can be determined using only a single experimental run in the non-
isothermal mode which can achieve complete conversion in a much shorter period of time 
[55]. As described earlier, the devolatilization of coal-biomass blends is a complex process 
and the exact description of the kinetics is not yet available.   
2.2 Materials, Experimental Apparatus and Operation 
The thermal behavior of pure coal, biomass which includes corn stover (CS) and 
switchgrass (SG) and their blends using thermogravimetric analysis will be discussed 
extensively in this chapter. For the purpose of this work, biomass (CS and SG) was blended 
individually up to 30 % by weight with two different ranks of coals, namely, sub-
bituminous coal (SB) and lignite coal (LG). The samples were crushed and sieved to 150 
µm before blending to limit the effects of intra-particle heat transfer. The coal-biomass 
blends were prepared in appropriate proportions and homogenized by constant stirring in 
the sample holders to ensure sufficient dispersion. Subsequently, their non-isothermal 
weight loss profiles were evaluated and co-pyrolysis kinetic parameters were determined. 
The various methods utilized for determining the kinetic parameters for co-pyrolysis are 
described extensively in Chapter 3. These coals were chosen based on economic 
considerations, their low sulfur content, and relatively high percentage of carbon present 
since the ultimate goal is to gasify these blends in a moving bed reactor for the production 
of syngas that can be used as feedstock for downstream processes such as Fischer-Tropsch 
Synthesis used for producing liquid fuels. Also, keeping in view of the overall gasification 
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process, blends of higher percentages of biomass (in excess of 30 % by weight) was not 
possible for the conditions at which the gasifier was operated since biomass is a low 
density, low heating value fuel and addition of more biomass would make the gasification 
process less efficient. Hence, a maximum of 30 % by weight of biomass was chosen for 
this study. The proximate and elemental analyses of the single fuels are presented in Table 
2.2.1. 
Table 2.2.1: Proximate and Elemental Analysis of Feedstocks 
Feedstock 
Proximate Analysis  
(As Received Basis) 
Elemental Analysis  
(As Received Basis) 
 
% 
Moisture 
% 
Fixed 
Carbon 
% 
Volatile 
Matter 
% 
Ash 
% C 
% 
H 
% 
N 
% 
S 
% O 
DECS-38  
Sub-
Bituminous 
Coal 
22.01 39.66 34.58 3.75 56.82 3.95 0.98 0.44 12.36 
DECS-25 
Lignite 
Coal 
34.91 27.32 30.05 7.71 42.80 2.99 0.61 0.47 10.50 
Corn 
Stover 
5.66 10.32 76.15 7.87 42.33 6.71 0.73 0.30 42.06 
Switchgrass 4.87 9.35 83.62 2.16 45.76 8.09 0.32 0.08 42.87 
 
As a part of this, pyrolysis of the different feedstocks was carried out in non-
isothermal mode using a TA-SDT-Q600 thermogravimetric analyzer. The weight of the 
samples used for these experiments was about 30 mg for the coal samples and about 10 mg 
for the biomass samples on an as received basis (which is approximately 25 mg for coal 
samples and 8 mg for biomass on a dry basis). Pure nitrogen was used as the purge gas. 
Flow of pure nitrogen through the system negates sample oxidation and also removes the 
volatile pyrolysis products, thus ensuring an inert atmosphere during the run. In the non-
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isothermal mode, once the sample is inserted into the furnace, the temperature of the 
furnace was increased from room temperature to 127 °C and held at that temperature for 
15 minutes to ensure drying. Subsequently, the furnace temperature was raised to 900 °C 
at constant heating rates ranging between 5 °C/min and 40 °C/min. An inert nitrogen 
atmosphere was employed throughout the process and the nitrogen flow rate was 
maintained constant at 100 ml/min. Upon reaching a temperature of 900 °C, air was 
introduced into the furnace to burn off the remaining char and obtain the percentage of ash 
in the respective samples. Also, the heat transfer limitations may be ignored due to the fact 
that the furnace heats up slowly combined with a low weight of the sample being pyrolyzed. 
The process was repeated four times to ensure reproducibility of the weight loss profiles 
for each sample (error < 5 % for all samples).  
2.3 Results and Discussion 
2.3.1 Thermal Evolution Profiles: Blends with Corn Stover 
The weight loss curves (dry ash free basis) during the non-isothermal pyrolysis at 
a heating rate of 5 °C/min for all the feedstocks containing corn stover are shown in Figures 
2.3.1 (a) and 2.3.1(b). The weight loss increases with increasing reaction temperature for 
all samples. Also, the weight loss profiles of the coal-biomass blends fall between those of 
the isolated single fuels. Figures 2.3.2 (a) and 2.3.2 (b) depict the differential 
thermogravimetric (DTG) curves of the samples used in this work, as a function of 
pyrolysis temperature, at a heating rate of 5 °C/min. It can be seen that the samples display 
one peak at temperatures less than 150 °C representing the removal of moisture from the 
samples [60].  
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Figure 2.3.1 (a): Weight loss curves on an as-received basis during the pyrolysis of 
DECS-38 Sub-Bituminous coal, corn stover and their blends at 5 °C/min. 
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Figure 2.3.1 (b): Weight loss curves on an as-received basis during the pyrolysis of 
DECS-25 Lignite coal, corn stover and their blends at 5 °C/min. 
 
Above this temperature, varied peaks are observed for the coals, corn stover and their 
blends. Table 2.3.1 summarizes some of the pyrolysis parameters which include, pyrolysis 
temperature range (Ti is the temperature of initial weight loss and Tf is the temperature at 
the end of the reaction), maximum weight loss rates and corresponding maximum DTG 
peak temperatures. 
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Table 2.3.1: Pyrolysis Temperature Range, Maximum Weight Loss Rates and Peak 
Temperatures of all Feedstocks Determined by TGA 
Feedstock Materials 
Pyrolysis  
T Range, °C 
Maximum 
Weight Loss 
Rate, 
(%/min)max 
Peak 
Temperature, 
Tmax, °C 
Ti Tf 
  
Peak 1 
(CS) 
Peak 2 
(Coal) 
Tmax,1 Tmax,2 
 
DECS-38 Sub-Bituminous 
Coal (SB)  
 
152 814 - 0.889 - 433 
DECS-25 Lignite Coal (LG) 175 818 - 0.668 - 419 
Corn Stover (CS) 226 608 4.492 - 331 - 
10% CS + 90% SB 207 787 0.251 0.819 330 430 
20% CS + 80% SB 204 765 1.492 0.500 326 419 
30% CS + 70% SB 190 755 2.332 0.561 330 427 
10% CS + 90% LG 176 815 0.550  0.603 318 423 
20% CS + 80% LG 201 785 0.941 0.599 327 411 
30% CS + 70% LG 199 755 1.550 0.552 336 413 
 
The thermal evolution profiles of Sub- Bituminous coal (SB) and Lignite coal (LG) display 
only one major peak over a wide temperature distribution, ~ 152-814 °C for SB and ~ 175-
818 °C for LG. This peak represents the release of carbon containing volatile matter from 
both coals [60]. The maximum peak temperature for this major peak is approximately 433 
°C and 419 °C, respectively, for SB and LG. It is worth noting that the maximum weight 
loss rate of LG is much lower than that of SB. This can attributed to the fact that the volatile 
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matter or the immobile phase present in LG coal are bonded together with much higher 
molecular bond energy than that of SB coal and hence will be removed with a slower rate 
at similar temperatures apart from the fact that LG contains much lower amount of volatile 
matter than SB as shown in Table 2.2.1. 
 
Figure 2.3.2 (a): Differential thermogravimetric curves of pyrolysis of SB-CS blends 
at 5 °C/min.
(a) 
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Figure 2.3.2 (b): Differential thermogravimetric curves of pyrolysis of LG-CS 
blends at 5 °C/min 
Also, the maximum weight loss rates for the coals occur in a temperature range of 400-500 
°C corresponding to the data reported by Sun et al [61]. In the case of corn stover (CS), the 
thermal evolution profiles can be divided into three more stages apart from moisture 
removal corresponding to the removal of hemicellulose, cellulose and lignin components 
of corn stover. The decomposition of the hemicellulose and cellulose components of corn 
stover can also be termed as the active pyrolysis zone while the slow decomposition of the 
lignin component represents the passive pyrolysis zone. This is generally the case for all 
ligno-cellulosic materials [62]. As it can be seen, the thermal decomposition profile for CS 
(b) 
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falls in a much narrower band than that of the coals, ~ 226-608 °C. This is mainly due to 
the high volatile content and lower fixed carbon content of CS as compared with that of 
the coals. 
This difference is also attributed to the strength of the molecular structure of the 
fuels. The immobile phase present in coal structure comprises dense polycyclic aromatic 
hydrocarbons linked together by aromatic rings with very high bond energy of about 1000 
kJ/mol [63]. In contrast, the polymers of hemicellulose, cellulose and lignin which 
constitute the macromolecular structure of biomass and other woody materials are linked 
together by relatively weak bonds with a bond energy of about 380-420 kJ/mol [64]. These 
bonds are less resistant to heat at low temperatures. As a consequence, a much higher mass 
loss rate results in biomass samples as compared with coal as can be seen from Table 2.3.1. 
The maximum weight loss rate of CS is almost an order of magnitude higher than both 
coals. As observed, the DTG profile of CS results in a split peak in the temperature range 
of ~ 226-375 °C. The lower temperature shoulder represents the decomposition of the 
hemicellulose component with a peak temperature of ~ 286 °C and a weight loss rate of 
2.278 %/min while the higher temperature peak represents the decomposition of the 
cellulose component with a maximum weight loss rate of 4.492 %/min at a temperature of 
331 °C. This decomposition continues up to a temperature of approximately 375 °C. Above 
this temperature, the slow decomposition of the lignin component begins continuing up to 
a temperature of about 608 °C beyond which very little change in the weight occurs.  
As for the blends of both coals with corn stover, the DTG curves are represented in 
Figure 2.3.2. The DTG evolution profiles for different blends of CS with SB and LG 
showed two distinct peaks in the temperature range of approximately 176-815 °C. For 
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blends of CS and SB, the first peak occurs at a maximum peak temperature of 
approximately 326-330 °C representing the devolatilization of CS (evolution of 
hemicellulose and cellulose components) while the second peak occurs at a maximum peak 
temperature of 419-430 °C representing the devolatilization of SB. Similar trends are 
observed for blends of CS and LG with maximum peak temperatures ranging from 318-
336 °C for the devolatilization of CS and 411-423 °C for the devolatilization of LG. Also, 
it can be observed that the maximum weight loss rate (%/min) for the CS devolatilization 
profile increased with increasing concentration of CS in the blends and vice versa for the 
coal devolatilization profile, without an apparent change in the shape and position of the 
peaks when compared to that of the single fuels. This may be attributed to the fact that the 
release of volatiles containing oxygenated components during the devolatilization of CS, 
generally, does not affect the devolatilization of coal at higher temperatures [60, 65, 66]. 
However, it must be noted here that the change in the maximum devolatilization rate is not 
linear with the increase in corn stover percentage indicating the possibility of interactions 
between the blended fuels. 
2.3.2 Thermal Evolution Profiles: Blends with Switchgrass 
The thermal evolution profiles of switchgrass and blends of both coals with 
switchgrass during devolatilization at a heating rate of 20 °C/min are shown in Figures 
2.3.3 and 2.3.4 respectively. 
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Figure 2.3.3: Weight loss curves and DTG profiles during the pyrolysis of DECS-38 
sub-bituminous coal, switchgrass and their blends at 20 °C/min. 
The weight loss curves, seen in Figures 2.3.3 and 2.3.4, follow a similar pattern as that of 
blends with corn stover described in the previous section. The devolatilization interval for 
switchgrass starts around 175 °C with the decomposition of hemicellulose and ends around 
650 °C with the slow decomposition of lignin. The low temperature shoulder, attributed 
towards the peak hemicellulose decomposition, occurs at 305 °C. The region between 305 
°C and 405 °C is attributed towards the decomposition of the cellulose component of 
switchgrass, with peak decomposition occurring around 360 °C. 
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Figure 2.3.4: Weight loss curves and DTG profiles during the pyrolysis of DECS-25 
lignite coal, switchgrass and their blends at 20 °C/min. 
When compared with blends of corn stover, a clear distinction in the DTG profiles can be 
observed. For these blends of coals and switchgrass, three different peaks are clearly 
observed, where the low temperature peaks can be attributed to the decomposition of 
switchgrass while the high temperature peak is for the decomposition of coals. This is 
different from those observed in blends with corn stover, where the two low temperature 
peaks merge which is an indication that some components in coal are interacting with corn 
stover in the low temperature range of around 220-380 °C. Since there is a clear distinction 
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in the hemicellulose and cellulose peaks when switchgrass is blended with coal, suggests 
the fact that no significant interactions are occurring and that the two components are 
decomposing separately.  
2.3.3 Single Fuels: Effect of Heating Rates 
The effect of various heating rates ranging from 5 °C/min to 40 °C/min on the 
devolatilization of single fuels (Figures 2.3.5 through 2.3.8) will be described in this 
section. The values of Tmax and maximum peak heights at various heating rates for all the 
single feedstocks are shown in Table 2.3.2. Evidently, the maximum peak height and the 
temperatures at which maximum devolatilization occurs increases with increasing heating 
rates. In other words, an increase in reactivity of devolatilization is observed with 
increasing heating rates. Different temperatures affect the point coordinates and thus the 
slope and intercept of the linear fit represented in Equation 1.9.14 of Chapter 1. This in 
turn affects the activation energy, E, and the pre-exponential factor, k0. It may be inferred 
from the weight loss profiles and DTG curves of various feedstocks that a possible reason 
for this shift in temperatures could be because of the fact that less heat is required for the 
cracking of solid fuel particles into products. At higher heating rates, this process occurs 
later at slightly higher temperatures due to the fact that heat transfer is not as effective as 
it were at lower heating rates, where the solid fuel particles are more gradually heated 
resulting in an effective transfer of heat to the inner portions and within the particles 
themselves. Therefore, heating rates and temperatures play a crucial role during 
devolatilization processes.   
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Figure 2.3.5: Weight loss profiles and DTG curves of pyrolysis of DECS-38 sub-
bituminous coal at four different heating rates ranging from 5 °C/min to 40 °C/min. 
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Figure 2.3.6: Weight loss profiles and DTG curves of pyrolysis of DECS-25 lignite 
coal at four different heating rates ranging from 5 °C/min to 40 °C/min. 
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Figure 2.3.7: Weight loss profiles and DTG curves of pyrolysis of Corn Stover at 
four different heating rates ranging from 5 °C/min to 40 °C/min. 
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Figure 2.3.8: Weight loss profiles and DTG curves of pyrolysis of switchgrass at four 
different heating rates ranging from 5 °C/min to 40 °C/min
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Table 2.3.2: Maximum Weight Loss Rates and Peak Temperatures Attained During 
the Devolatilization of Individual Feedstocks at Different Heating Rates 
Feedstock 
Materials 
Heating 
Rates 
°C/min 
Maximum Weight Loss 
Rate, (%/min)max 
Peak Temperature, 
Tmax, °C 
 
DECS-38 Sub-
Bituminous 
Coal (SB) 
 
            5 0.83 432 
10 1.60 442 
20 3.60 454 
40 6.90 465 
DECS-25 
Lignite Coal 
(LG) 
 
            5 0.56 423 
10 0.95 436 
20 2.00 442 
40 4.10 454 
Corn Stover 
(CS) 
              Peak 1 Peak 2 Tmax, 1 Tmax, 2 
5 2.50 4.50 290 341 
10 5.00 8.80 304 351 
20 10.00 15.90 315 365 
40 21.05 33.40 333 372 
Switchgrass 
(SG) 
5 2.20 4.70 289 339 
10 4.60 8.40 294 346 
20 8.90 17.50 308 361 
40 16.10 28.40 313 367 
 
2.3.4 Analysis of Synergistic Interactions in Blends 
For investigating the synergistic behavior between coal and biomass in the blended 
feedstocks, the disparity in the amount of volatile matter released was evaluated between 
the experimental and calculated curves as shown in Figures 2.3.9 and 2.3.10. To better 
analyze the synergistic behavior between the blended fuels, an additional experimental run 
consisting of 40 % biomass was also performed. The predicted amount of volatile matter 
released was calculated using a simple additive relationship [57, 67] as shown in Equation 
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2.3.1. Here, for the pyrolysis of blends of coal and biomass, if the interaction between the 
two blended feedstocks shows a faster reaction rate than the sum of the rate of each pure 
feedstock individually (weighted according to their mixture mass ratio) accounting for 
experimental uncertainty, then a positive synergistic effect or synergy is noted between the 
pair. On the contrary, if the interaction of two chars shows no effect on the reaction rate or 
shows a slower reaction rate than the sum of the weighted rates based on the individual 
chars, a negative synergistic effect is demonstrated. 
             𝑉𝑀𝐶𝑎𝑙𝑐,   𝐵𝑙𝑒𝑛𝑑  = 𝑋𝐶𝑜𝑎𝑙 ∗ 𝑉𝑀𝐶𝑜𝑎𝑙,   𝑂𝑏𝑠 + 𝑋𝐶𝑆 ∗ 𝑉𝑀𝐶𝑆,   𝑂𝑏𝑠                        (Eq 2.3.1) 
Where, Xi, refers to the fraction of each material in the blend and VM is the % of volatile 
matter evolved. 
As shown in Figure 2.3.9, for the TGA experimental runs performed, the percentage of 
volatile matter evolved increases with an increase in the percentage of corn stover in the 
blend which is an expected result due to the fact that corn stover has higher volatile content 
inherently.  
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Figure 2.3.9: Disparity in the experimental and predicted curves during the release 
of volatile matter with increasing concentration of corn stover. 
However, it is noteworthy that this increase in volatile matter with increasing corn 
stover concentration in the blends of corn stover with sub-bituminous coal is not linear 
with deviations from the predicted yield ranging between 2% -7%, indicating some kind of 
positive synergistic behavior between the blended materials unlike some previous works 
indicated in literature [64, 68]. On the contrary, for blends of corn stover with lignite coal, 
the deviations from the predicted yield are much lower (1% - 3%), implying, very little 
synergistic interactions between corn stover and lignite coal. To further verify this 
assumption and delve deeper into the synergistic behavior between the materials, the 
calculated and experimental DTG curves were plotted as shown in Figure 2.3.11 and Figure 
2.3.12. The calculated DTG curves were estimated using an equation similar to Equation 
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2.3.1 by replacing the % of volatile matter evolved with the weight loss rate of the material. 
The DTG curves for SB and CS blends show that the predicted and experimental curves 
match closely at temperatures above 500 °C indicating that synergy between the materials 
exists at lower temperatures (~ 230-450 °C). Also, increasing the percentage of CS in the 
blend lowers the temperature (~ 380 °C) until when synergistic behavior is observed. In 
the case of CS and LG blends, the disparity in the predicted and experimental DTG curves 
is quite apparent at lower concentrations of CS. The synergistic behavior for 10% CS and 
90% LG starts at about 320 °C continuing until the end of pyrolysis. However, increasing 
the CS percentage to 30% drastically reduces the synergistic behavior. This can be 
observed only at higher temperatures (~ 380-680 °C), albeit, with very less deviations in 
both curves. 
                  
Figure 2.3.10: Comparison of the experimental and predicted weight loss curves for, 
(a) Blends of DECS-38 Sub-Bituminous Coal and Corn Stover, (b) Blends of DECS-
25 Lignite Coal and Corn Stover
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Figure 2.3.11: Comparison of the experimental and predicted DTG curves for, (a) 10% CS + 90% SB blend, (b) 20% 
CS + 80% SB blend, (c) 30% CS + 70% SB blend 
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Figure 2.3.12: Comparison of the experimental and predicted DTG curves for, (a) 10% CS + 90% LG blend, (b) 20% 
CS + 80% LG blend, (c) 30% CS + 70% LG blend 
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Similar to corn stover blends, the blends containing switchgrass also show an increase in 
the amount of volatile matter with increasing percentage of switchgrass in the blend. 
However, clearly, from Figure 2.3.13, it can be stated that the deviations from the predicted 
and experimental yield is minimal suggesting that no significant interactions are present 
during devolatilization of blends of coals and switchgrass.  
 
Figure 2.3.13: Disparity in the experimental and predicted curves during the release 
of volatile matter with increasing concentration of switchgrass. 
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Figure 2.3.14: Comparison of the experimental and predicted weight loss and DTG curves for, (a) 10% SG + 90% SB 
blend, (b) 30% SG + 70% SB blend 
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Figure 2.3.15: Comparison of the experimental and predicted weight loss and DTG curves for, (a) 10% SG + 90% LG 
blend, (b) 30% SG + 70% LG blend 
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 CHAPTER 3: KINETICS MODELING OF PYROLYSIS 
In this chapter, a single first order reaction model using the Coats-Redfern 
approximation was utilized to predict the kinetic parameters of the pyrolysis reaction. The 
kinetic analysis indicated that each thermal evolution profile may be represented as a single 
first order reaction. Three temperature regimes were identified of each of the coals while 
corn stover and the blends were analyzed using two and four temperature regimes 
respectively. The kinetic parameters were also obtained through two other distributed 
activated energy models and the results were compared effectively. Ultimately, it has been 
shown that using the distributed activation energy models, matrix inversion algorithm in 
particular, is extremely effective and robust in predicting devolatilization kinetics than just 
using single first order models. 
3.1 Parallel First Order Reactions Model: Approximation of Temperature Integral 
Several authors have approximated the overall process of pyrolysis as a first-order 
decomposition occurring uniformly throughout the coal and biomass particles [17, 54, 56, 
69-73].  For pyrolysis or oxidation reactions under non-isothermal conditions, the heating 
rate H plays a very important role in determining the kinetic parameters [54-56, 58, 73]. 
For a first-order reaction at constant heating rate,  𝐻 =   𝑑𝑇/𝑑𝑡: 
                        𝑑𝑋/𝑑𝑇 = [𝐴(1 − 𝑋)/𝐻] 𝑒𝑥𝑝(−𝐸 𝑅𝑇⁄ )                              Eq. 3.1.1 
Where, A is pre-exponential factor and E is the activation energy. 
Integration of the above equation subject to the condition that conversion is zero at initial 
temperature, T0, leads to the following result: 
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                                  𝑙𝑛(1 − 𝑋) =  −(𝐴 𝐻⁄ ) ∫ 𝑒𝑥𝑝(
−𝐸
𝑅𝑇⁄ )
𝑇
𝑇0
 𝑑𝑇                           Eq. 3.1.2 
Since, there is no conversion at initial temperature, T0, the limits of the integral in Equation 
3.1.2 can be conventionally changed to ∫ exp(−𝐸 𝑅𝑇⁄ )
𝑇
0
, thereby introducing a new 
function as represented in Equation 3.1.3. 
                                           𝑓(𝑦) =   ∫ (𝑒
−𝑦
𝑦2⁄ )
∞
𝑦
 𝑑𝑦                                              Eq. 3.1.3  
Where, 𝑦 =  (−𝐸 𝑅𝑇⁄ ) 
Therefore, Equation 3.1.2 reduces to,  
                                         𝑙𝑛(1 − 𝑋) =  −(𝐴 𝐻⁄ ) 𝑓(𝑦)                                              Eq. 3.1.4 
Since Equation 3.1.3 cannot be solved analytically, several authors have used different 
approaches to solve the function f (y) [56, 74-76]. Coats-Redfern approximation [55, 56, 
77-79] has been used in this study to determine the approximate value of the temperature 
integral because of the fact that this method provides the best linearity of the data as 
opposed to other analytical model-fitting methods [55, 78, 79]. This method is widely used 
and accepted for the calculation of kinetic parameters. The use of this approximation would 
help in transforming Equation 3.1.3 into simple linear forms and thus obtaining the 
activation energy, E and pre-exponential factor, A as shown in Equations 3.1.5 through 
3.1.7. In this approximation, 𝑓(𝑦) is obtained by assuming an asymptotic expansion where 
in only the first two terms are utilized. 
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Coats-Redfern Approximation 
            𝑓(𝑦) =  𝑒
−𝑦
𝑦2 ⁄  [1 − (
2!
𝑦⁄ ) + (
3!
𝑦2⁄ ) − (
4!
𝑦3⁄ ) + … ]                       Eq. 3.1.5 
 Or,                                          𝑓 (𝑦)  ≈  𝑒
−𝑦
𝑦2⁄ (1 −
2
𝑦
)                                          Eq. 3.1.6 
And,                𝑙𝑛 [−𝑙𝑛
(1 − 𝑋)
𝑇2
⁄ ] = 𝑙𝑛 [(1 −
2𝑅𝑇
𝐸
)𝐴𝑅 𝐻𝐸⁄ ] − 
𝐸
𝑅𝑇⁄                  Eq. 3.1.7 
As described in Equations 3.1.1 through 3.1.7, using Coats-Redfern approximation, 
the kinetic parameters, activation energy and pre-exponential factor, were determined for 
both single fuels as well as the blends. From the pyrolysis data obtained, it is evident that 
different constituents of the sample pyrolyze at different temperatures and each 
temperature regime may be represented with a specific set of kinetic parameters. Each zone 
or temperature regime was estimated through inflection points or tangents drawn along the 
weight loss curves once moisture has been removed. The points corresponding to the 
tangents were marked as the beginning of a particular temperature zone of the total 
pyrolysis regime. Figure 3.1.1 shows the first order plot of ln [-ln(1-X)/T2] versus 1/T.  The 
activation energy can be estimated from the slope of this plot while the pre-exponential 
factor can be estimated from the intercept by taking the temperature at which Wt = (W0 + 
Wf)/2.  
The pyrolysis of DECS-38 Sub-Bituminous coal may be described as a process 
with three consecutive first order reactions. For applying Equation 3.1.7, the conversion 
was recalculated for each zone separately to determine the kinetic parameters for the 
respective zones. A similar procedure was carried out for estimating the kinetic parameters 
of DECS-25 Lignite coal and blends of both coals with corn stover. Lignite coal also has 
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three zones where the first-order analysis can be applied while the corn stover has two 
independent zones and the blends contain at least four different zones [80]. As an 
illustration, Figure 3.1.2 depicts the kinetic analysis for the pyrolysis of DECS-38 sub-
bituminous coal, corn stover, and 10% CS and 90% SB blend.  Thus, the coal 
devolatilization process can be divided into three stages [63, 64, 73]. For DECS-38 sub-
bituminous coal, in the first stage, for temperatures less than 360 ºC or until a conversion 
level of approximately 16 %, only the peripheral parts and the mobile phase of the 
macromolecular structure of coal decompose. This zone will have relatively lower 
activation energy as shown in Table 3.1.1. In the second stage, for temperatures between 
360 ºC and 460 ºC (conversion between 16% and 53%), pyrolysis liquids and gases are the 
main products. As explained earlier, this zone mainly comprises the immobile phase of the 
coal structure which is more resistant to heat. Therefore, only a small amount of fragmented 
polycyclic aromatic compounds are produced during this phase. Hence, the activation 
energy of this phase is much higher than that of the first phase. In the last stage, for 
temperatures greater than 460 ºC, the remaining macromolecular structure of coal is further 
decomposed. The activation energy in this case is much lower than that of the second phase 
indicating that during the third stage, repolymerization or cross-linking reaction resulting 
in the formation of char as the pyrolysis product occurs more easily since most of the 
volatiles or oxygen containing functional groups have been removed in the previous stages. 
In addition, it can be observed that the kinetic zones for the coal-biomass blend are slightly 
different from that of coals.  
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1
 
 
 
 
 
 
    
 
 
 
 
Figure 3.1.1: Analysis of the thermal evolution profiles and temperature ranges for pyrolysis of, (a) DECS-38 sub-
bituminous coal, (b) Corn Stover and (c) 10% CS and 90% SB blend. 
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Figure 3.1.2: Estimation of kinetic parameters (activation energy and Arrhenius 
constant) for pyrolysis of (a) DECS-38 sub- bituminous coal, (b) Corn Stover and (c) 
10% CS and 90% SB blend. 
(a) 
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Table 3.1.1: Obtained pyrolysis kinetic parameters, temperature and conversion 
ranges for all feedstocks at a heating rate of 5 °C/min. 
Feedstock 
Materials 
Temperature 
°C 
Conversion 
Range, % 
Activation 
Energy 
E, KJ/mol 
Arrhenius 
Constant, 
min-1 
DECS-38       
Sub-Bituminous 
Coal (SB) 
143 - 360 2-16 28.13 2.46E+01 
360 - 460 16 - 53 149.03 2.27E+10 
460 - 837 53-98 38.98 9.55E+00 
DECS-25 
Lignite Coal 
(LG) 
175-281 2-9 56.96 8.37E+04 
281-457 9-55 78.15 1.13E+05 
457-791 55-97 41.75 1.40E+01 
Corn Stover 
(CS) 
136 - 350 3-77 103.67 3.13E+08 
350 - 497 77-92 72.13 2.69E+04 
10% CS              
+ 90% SB 
175-267 1-5 67.90 1.36E+06 
267-387 5-25 82.47 1.20E+06 
387-467 25-57 179.16 3.37E+12 
467-787 57-97 25.69 1.18E+00 
20% CS              
+ 80% SB 
150-244 1-5 57.39 1.92E+05 
244-360 5-38 107.69 6.30E+08 
360-496 38-75 107.07 9.69E+06 
496-843 75-97 45.85 1.88E+01 
30% CS              
+ 70% SB 
166-231 1-5 97.16 8.02E+09 
231-332 5-43 89.99 2.09E+07 
332-550 43-86 55.26 8.89E+02 
550-854 86-97 60.27 9.31E+01 
10% CS              
+ 90% LG 
156-265 1-7 53.61 9.52E+04 
265-338 7-22 138.82 9.92E+11 
338-451 20-53 100.42 1.29E+07 
451-853 53-98 28.71 3.63E+00 
20% CS               
+ 80% LG 
156-224 2-6 64.59 2.69E+06 
224-308 6-18 126.01 2.06E+11 
308-437 18-61 96.90 3.02+03 
437-835 61-97 30.37 1.53E+00 
30% CS                
+ 70% LG 
171-245 1-5 87.10 2.85E+08 
245-342 5-45 99.15 1.22E+08 
342-455 45-71 93.14 1.81E+06 
455-880 71-98 34.98 4.53E+00 
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For coal-biomass blends, four independent reactions are used to describe the co-
pyrolysis process. It can be noted that the conversion range for the first stage is only up to 
~ 7 % indicating that the main decomposition of the coal-biomass blend occurs at higher 
temperatures. As seen from Table 3.1.1, the kinetic parameters for the different thermal 
evolution profiles during the co-pyrolysis of coal and corn stover blends have been 
predicted. The good correlation factor indicates that each thermal evolution profile may be 
represented as a single first order reaction.  
3.2    Distributed Activation Energy Model: Gaussian Distribution of Activation 
Energy 
Kinetic parameters obtained using the single first order reaction models are actually 
a starting point in the devolatilization modeling. Although simple and used as a starting 
point for more complex models, a single first order reaction model utilized for estimating 
the devolatilization kinetics of complex materials is only applicable over a limited range 
of experimental conditions. The kinetic parameters obtained through such a model may not 
be used as global parameters and that the parameters such as activation energy and pre-
exponential factor change for different heating rates, i.e, the parameters obtained through 
one experimental condition may not be extrapolated to an unknown heating rate. More 
accurate and specific models are required to meet the experimental results of each material, 
one model being the distributed activation energy model [52, 53].  
Since coal and biomass are complex fuels with a wide variety of chemical groups, 
the distributed activation energy model treats the thermal decomposition process as a large 
number of independent, parallel rate processes or decomposition of many different 
chemical groups where each group is characterized uniquely by its activation energy. The 
thermal decomposition of a single organic species can be described as an irreversible first-
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order reaction with respect to the amount of unreacted material remaining. Thus, the rate 
at which the volatiles are produced by a particular reaction can be defined according to the 
mass balance on the reactant species. 
                                    
𝑑𝑉𝑖
𝑑𝑡⁄ = 𝑘𝑖(𝑉𝑖
∗ − 𝑉𝑖)                                                Eq. 3.2.1 
                       𝑉𝑖
∗ − 𝑉𝑖 = 𝑉𝑖
∗ 𝑒𝑥𝑝 (−𝐴𝑡 𝑒𝑥𝑝(−𝐸 𝑅𝑇⁄ ))𝑖
                              Eq. 3.2.2 
Where 𝑉𝑖
∗ is the final quantity of volatile matter for the generic species, i, and 𝑘𝑖 is the rate 
constant of the reaction expressed according to the Arrhenius law. 
This type of kinetic model requires that the amount of volatiles and kinetic 
parameters known for all the single reactions. To estimate these parameters from 
experimental data for all the reactions is practically not possible. The problem can be 
simplified if it is assumed that the rate constants for all the reactions differ only in the 
activation energy. The number of reactions is large enough so that the activation energy 
can be expressed as a continuous Gaussian distribution function 𝑓(𝐸) and 𝑓(𝐸)𝑑𝐸 
representing the potential loss of volatile fraction with activation energy between the 
intervals E and E + dE.  Thus, 
                                       𝑉𝑖
∗ = 𝑑𝑉∗ = 𝑉∗ 𝑓(𝐸)𝑑𝐸                                        Eq. 3.2.3 
The total amount of volatile material unreleased is obtained by summing the 
contribution from each reaction, that is, by integrating Equation 3.2.2 over all values of E 
using Equation 3.2.3. Finally, the yield of volatiles can be calculated using Equation 3.2.4. 
                    
(𝑉∗ −  𝑉)
𝑉∗⁄ =  [∫ exp (−(∫ 𝑘 𝑑𝑡
𝑡
0
)  𝑓(𝐸)𝑑𝐸)
∞
0
]                   Eq. 3.2.4 
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Where,                                  𝑘 =  𝐴 𝐸𝑥𝑝 (−𝐸 𝑅𝑇⁄ )                                       Eq. 3.2.5 
And,               𝑓(𝐸) =  (𝜎(2𝜋)0.5)−1 exp [
−(𝐸 − 𝐸0)
2
2𝜎2
⁄ ]                      Eq. 3.2.6 
Where,  𝑉∗ is the global volatile quantity of the material, 𝐸0 is the mean activation 
energy and 𝜎 is the standard deviation of the activation energy. This approach avoids the 
low values of the activation energies which result when a single first-order reaction model 
is applied to fit a temperature dependence that arises from the occurrence of different 
reactions in different temperature intervals [17].   
In this work, Miura’s method is used to estimate 𝑓(𝐸) and A values [81] for all the 
feedstock materials. Both f (E) and A are obtained from at least three thermogravimetric 
experiments using different heating profiles without assuming any functional forms for f 
(E) and A [82].         
The procedure used to estimate f (E) and A is summarized as [81, 82]: 
(1) Measure V/V* vs. T using at least three different heating rates on a dry and ash-
free basis. 
(2) Calculate the values of ln (H/T2) and 1/ (RT) at the same V/V*, where H is the 
heating rate. 
(3) Plot ln (H/T2) and 1/ (RT) at the selected V/V* ratio and then determine the 
activation energies E from the slopes and A from the intercept as shown in Equation 
3.2.7. 
                               𝑙𝑛 (
𝐻
𝑇2
) = 𝑙𝑛 (
𝐴𝑅
𝐸
) +  0.6075 − 
𝐸
𝑅𝑇
                                      Eq. 3.2.7 
(4) Plot V/V* and E and differentiate the V/V* vs. E relationship by E to obtain f (E). 
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(5) Pre-exponential factor, A, can be expressed as a function of activation energy using 
the following expression: 
                                          𝐴 =  𝛼 𝐸𝑥𝑝 (𝐸𝛽)                                             Eq. 3.2.8 
Where, α and β are constants dependent on the reacting material. 
For illustration of the distributed activated energy model (DAEM), Figures 3.2.1 through 
3.2.4 describe the method for establishing the kinetic parameters during the pyrolysis of 
DECS-38 sub-bituminous coal. For different heating rates ranging from 5 °C/min to 40 
°C/min, Figure 3.2.1 describes the linear relationship between ln (H/T2) and 1/T at various 
conversions. The idea is that, with increase in heating rates, the temperature required to 
attain a particular conversion increases and hence, the kinetic parameters can be determined 
at each conversion point. Once the activation energies at selected conversions are 
determined, the relationship between conversion (V/Vf) and activation energies needs to 
be established through a plot of V/Vf vs E as shown in Figure 3.2.2. The relationship 
between V/Vf and E is fitted using a logistic distribution curve using Equation 3.2.9: 
                                                
𝑉
𝑉𝑓
= 𝐴2 + 
(𝐴1− 𝐴2)
(1+ (𝐸 𝐸0⁄
)
𝑝
)
                                                Eq 3.2.9 
where A1 and A2 are the intial and final conversion points, E0 is the mean activation energy 
and p is a constant. The values of these constant are obtained by fitting the experimental 
data with Equation 3.2.9. 
 
 
  
78 
 
 
 
 
Figure 3.2.1: Plot for estimating the activation energy and Arrhenius constant for 
pyrolysis of DECS-38 sub-bituminous coal at various heating rates and conversion 
points using DAEM. 
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Figure 3.2.2: Plot for estimating the relationship between V/Vf and activation 
energy for pyrolysis of DECS-38 sub-bituminous coal using DAEM. 
Once the relationship between V/Vf and E is established and the unknown constants 
obtained, Equation 3.2.9 can be differentiated with respect to E to obtain the values for the 
function f (E). Finally, a plot of the obtained f (E) values with respect to the activation 
energy shown in Figure 3.2.3, can be fitted using a Gaussian distribution function and that 
the complex devolatilization reaction kinetics of carbonaceous materials may not be 
represented by only a single first order reaction but, the reaction is made up of several 
parallel reactions occurring simultaneously with increasing temperatures. 
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Figure 3.2.3: Plot for estimating the relationship between f (E) and activation energy 
for pyrolysis of DECS-38 sub-bituminous coal using DAEM. 
As seen from Figure 3.2.3, for DECS-38 sub-bituminous coal, the peak of f (E) occurs at 
0.00575 KJ/mol corresponding to an activation energy of approximately 269 KJ/mol and 
the distribution of activation energies follows an approximate Gaussian function (R2 = 
0.99). The range of activation energies is between 120-578 KJ/mol within the 
devolatilization conversion interval of 5-99%. 
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Figure 3.2.4: Plot for estimating the relationship between Arrhenius constant and 
activation energy for pyrolysis of DECS-38 sub-bituminous coal using DAEM. 
From Figure 3.2.4, it may be observed that a linear relationship with reasonable correlation 
coefficient (R2 = 0.97) exists between ln k0 and activation energy. For the devolatilization 
interval, the values of k0 range between e
20 – e53 min-1 for DECS-38 sub-bituminous coal 
corresponding well to the values available in literature for coals with similar properties [81, 
82].  
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Figure 3.2.5: Comparison between experimental and calculated devolatilization 
weight loss of DECS-38 sub-bituminous coal with increasing temperature using 
DAEM. 
Using the kinetic parameters thus obtained, Equation 3.2.4 is then solved using the 
quadrature function of MATLAB to predict the weight loss or conversion profiles during 
devolatilization at all heating rates and compared with the experimental data as shown in 
Figure 3.2.5. From Figure 3.2.5, it can be observed that the weight loss profiles can be 
predicted with greater accuracy when compared with that of Method 1. Similar procedure 
has been utilized for analyzing the devolatilization kinetic parameters of all the feedstock 
materials and these values are shown in Table 3.2.1. 
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Table 3.2.1: Obtained pyrolysis kinetic parameters for single fuels and blended 
feedstocks using distributed activation energy model (Gaussian distribution of 
activation energies) 
Feedstock Materials 
Activation 
Energy 
Range 
 KJ/mol 
Peak f (E), 
KJ/mol 
Peak 
Activation 
Energy, 
KJ/mol 
 
Arrhenius 
Constant Range, 
min-1 
     
DECS-38 
Sub-Bituminous 
Coal (SB) 
120-578 0.00575 269  e20- e53 
     
DECS-25 
Lignite Coal (LG) 
100-446 0.00936 210 
 
e19-e43 
 
     
Corn Stover (CS) 91-256 0.00859 171 
 
e14-e40 
 
10% CS + 90% SB   118-374 0.0042 220 
 
e23- e46 
     
30% CS + 70% SB 110-350 0.0061 175 
 
e17- e46 
 
     
10% CS + 90% LG 95-396 0.0047 226 
 
e27- e42 
     
30% CS + 70% LG 92-320 0.00875 154 
 
e17- e26 
 
3.3     Matrix Inversion Method 
As described in Section 3.2, the devolatilization mass loss of a complex 
carbonaceous material can be uniquely characterized within an activation energy interval 
of E and E + dE at any particular time t [83-85]. If the decomposition is considered to be 
first order, then Equation 3.2.4 can be re-written in the following form: 
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                                                       𝑚(𝐸, 𝑡) =  𝑚0(𝐸)  𝛹 (𝐸, 𝑡)                                      Eq. 3.3.1 
And,                         𝛹 (𝐸, 𝑡) = 𝐸𝑥𝑝 [−𝐴(𝐸) ∫ 𝐸𝑥𝑝 (−𝐸 𝑅𝑇⁄ ) 𝑑𝑡
𝑡
0
]  
Where, m (E, t) is the mass density function of the volatile material at any time t and m0 
(E) is the initial mass of volatile material within the interval E and E + dE. 
Since m (E, t) cannot be measured quantitatively, integrating Equation 3.3.1 over all 
activation energies enables the calculation of total amount of material decomposed, Mv (t), 
at any time t. 
                                     
𝑀𝑣 (𝑡)
𝑀𝑣0
= 
𝑀𝑣0−𝑉 (𝑡)
𝑀𝑣0
= ∫ 𝑔 (𝐸)  𝛹 (𝐸, 𝑡) 𝑑𝐸
∞
0
                          Eq. 3.3.2 
And,                                           𝑔 (𝐸) =  
𝑚0 (𝐸)
∫ 𝑚0 (𝐸) 𝑑𝐸
∞
0
 
Where, Mv (t) is the mass of volatiles at any time t, Mvo is the initial mass of volatile matter, 
V (t) is the yield of volatiles and g (E) is the underlying initial distribution of activation 
energies. 
Since, g (E) is unknown, calculation of activation energies and pre-exponential 
factors for each parallel reaction is more complex. To overcome this complexity, a 
mathematical inversion method which does not rely on any assumption of the initial 
distribution of activation energies is utilized in this research for estimating the kinetic 
parameters. This method was successfully tested by Scott et al. [84, 85] for evaluating the 
kinetic parameters of pyrolysis of sewage sludge. This method, which is virtually an 
extension of Miura’s method, is used for determining the number of reactions occurring 
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during the process of devolatilization, in addition to determining the values of activation 
energies and pre-exponential factors.  
If it is assumed that a volatile component of the fuel with an initial mass fraction of 
fi,0 reacts with an activation energy of Ei and pre-exponential factor of Ai, Equation 16 can 
then be expressed as: 
                                                   𝑓𝑖 = 𝑓𝑖,0 𝛹𝑖                                                    Eq. 3.3.3 
Where, fi is the fraction of the i
th component remaining as the fuel is devolatilized and Ψi 
is the double exponential term. For a material decomposing via several parallel first-order 
reactions, Equation 3.3.3 can therefore be expressed as: 
                                                  
𝑀 (𝑡)
𝑀0
= 𝑊 + ∑ 𝑓𝑖,0 𝐴𝑙𝑙 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠,𝑖 𝛹𝑖                                 Eq. 3.3.4 
 and, W is the fraction of inert material.  
The problem is therefore to estimate fi,0, Ei and Ai. The distributed activation energy 
model can be stated to be a special case of this general problem which can be generated by 
increasing the number of reactions to infinity with a constraint that each of the reactions is 
uniquely characterized by its activation energy. It is to be noted that while the DAEM is 
ill-posed when the number of reactions is finite and the reactions do not overlap, the 
problem stated above is well-posed and can be solved. This is because of the fact that 
during the conversion process, the will be a point when a particular reaction is dominant 
and hence, its values of E and A can be directly evaluated without interference from other 
reactions. Equation 3.3.4, therefore, would be a linear problem so that the mass of solid 
fuel remaining at a given time would be the sum of the masses of each of the components 
remaining. Therefore, Equation 3.3.4 can be interpreted in a matrix form as follows: 
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1
𝑀0
 
[
 
 
 
 
 
 
𝑀(𝑡0)
𝑀(𝑡1)
𝑀(𝑡2)
⋮
𝑀 (𝑡𝑛)]
 
 
 
 
 
 
=  
[
 
 
 
 
 
 
𝛹1 (𝑡0) 𝛹2 (𝑡0) ⋯⋯ 𝛹𝑛 (𝑡0) 1
𝛹1 (𝑡1) 𝛹2 (𝑡1) ⋯⋯ 𝛹𝑛 (𝑡1) 1
𝛹1 (𝑡2) 𝛹2 (𝑡2) ⋯⋯ 𝛹𝑛 (𝑡2) 1
⋮ ⋮ ⋯⋯ ⋮ 1
𝛹1 (𝑡𝑛) 𝛹2 (𝑡𝑛) ⋯⋯ 𝛹𝑛 (𝑡𝑛) 1]
 
 
 
 
 
 
 ×  
[
 
 
 
 
 
 
𝑓1,0
𝑓2,0
𝑓3,0
⋮
𝑊 ]
 
 
 
 
 
 
          Eq. 3.3.5 
Equation 3.3.5 can therefore be termed as a modified form of the distributed activation 
energy model. For a constant heating rate experiment, i.e. dT/dt = H and initial temperature 
T0, the double exponential term, Ψ can be expressed as: 
                          𝛹𝑖 (𝑡) = 𝛹𝑖 (𝑇) = 𝐸𝑥𝑝 [−
𝐴𝑖
𝐻
 ∫ 𝐸𝑥𝑝 (
−𝐸𝑖
𝑅𝑇⁄ )  𝑑𝑇
𝑇
𝑇0
]                   Eq. 3.3.6 
And,                                                𝑓𝑖  (𝑇) =  𝑓𝑖,0  𝛹𝑖 (𝑇)                                            Eq. 3.3.7 
Thermogravimetric experiments conducted at two different heating rates, H1 and H2, can 
be used for calculating the values of Ei and Ai. Assuming that the i
th reaction is the only 
reaction occurring at the same conversion in both experiments, then, 
                                                     𝑓𝑖  (𝐻1, 𝑇1) =  𝑓𝑖  (𝐻2, 𝑇2)                                        Eq. 3.3.8 
And subsequently.                    𝛹𝑖 (𝐻1, 𝑇1) =  𝛹𝑖 (𝐻2, 𝑇2)                                        Eq. 3.3.9 
Substituting for Ψi from equation 3.3.6 and taking natural logarithms on each side yields: 
1
𝐻1
[𝑇0 𝐸𝑥𝑝 (−
𝐸𝑖
𝑅𝑇0
) −
−𝐸𝑖
𝑅
∫
𝐸𝑥𝑝 (−𝑢)
𝑢
∞
𝐸
𝑅𝑇0
𝑑𝑢 − 𝑇1 𝐸𝑥𝑝 (−
𝐸𝑖
𝑅𝑇1
) +
𝐸𝑖
𝑅
∫
𝐸𝑥𝑝 (−𝑢)
𝑢
∞
𝐸
𝑅𝑇1
𝑑𝑢] =
 
1
𝐻2
[𝑇0 𝐸𝑥𝑝 (−
𝐸𝑖
𝑅𝑇0
) −
−𝐸𝑖
𝑅
∫
𝐸𝑥𝑝 (−𝑢)
𝑢
∞
𝐸
𝑅𝑇0
𝑑𝑢 − 𝑇2 𝐸𝑥𝑝 (−
𝐸𝑖
𝑅𝑇2
) +
𝐸𝑖
𝑅
∫
𝐸𝑥𝑝 (−𝑢)
𝑢
∞
𝐸
𝑅𝑇2
𝑑𝑢]      Eq. 3.3.10  
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Equation 3.3.10 is a non-linear equation, which can be solved analytically for estimating 
unknown Ei. This calculated value of activation energy using Equation 3.3.10 will be 
accurate due to the fact that only one reaction would be dominating the overall mass loss 
at a chosen conversion point. Deviations in activation energy are observed, when several 
reactions occur simultaneously at the same conversion. Once the activation energy, Ei, is 
determined, pre-exponential factor, Ai, can be calculated by assuming that the conversion 
of the individual component i of the dominating reaction reaches a particular conversion. 
For this method, it is assumed that the conversion is: 
                               𝑋𝑖 = 1 − 𝑒
−1  => 𝛹𝑖 = 𝑒
−1  => ln  (𝛹𝑖) =  −1                   Eq. 3.3.11 
Also, this value of Ψi corresponds to the conversion at which the rate of decomposition is 
at a maximum, i.e. 
𝑑2 𝑓𝑖
𝑑𝑡2
⁄ = 0. Combining Equations 3.3.6 and 3.3.10, Ai can then be 
estimated.  
The matrix inversion method is thus different from Method 2 in the sense that this 
method does not require that each reaction be uniquely characterized by its activation 
energy and does not use a step function approximation, which is central to Method 2 
(Miura’s method) for estimating the amount of each reaction occurring. The procedure for 
solving Equation 3.3.4 can thus be summarized as follows: 
1. Perform at least two thermogravimetric experiments at different constant rates of 
heating and measure the values of mass as a function of temperature. 
2. Consider n points of conversion during the decomposition temperature interval 
where the kinetic parameters, Ei and Ai, are to be evaluated. 
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3. At each conversion point, evaluate Ei and Ai using a combination of Equations 3.3.6 
and 3.3.10 to obtain n values of the kinetic parameters. 
4. Using the set of n reactions with known values of Ei and Ai, create the matrix Ψ in 
Equation 3.3.5. 
5. Once the matrix Ψ is created, the mass fraction of each reaction, fi, can be evaluated 
by inverting Equation 3.3.5: 𝑓𝑖 = 𝛹
−1 𝑚 
This type of analysis has been used before for the determination of pyrolysis characteristics 
of dried sewage sludge [84] and high ash, inertinite-rich, medium rank C South African 
coal [86]. In this work, the modified distributed activated energy model has been extended 
for determining the kinetic parameters of single fuels as well as blends of coal and biomass.  
3.4 Results and Discussion: Matrix Inversion Method 
3.4.1    Kinetics of DECS-38 Sub-Bituminous Coal Devolatilization 
The results of the real TGA devolatilization experiments using the Matrix Inversion 
method are presented and discussed in this section. Figures 3.4.1 through 3.4.3 describe 
the inversion algorithm results for DECS-38 sub-bituminous coal. The inversion algorithm 
was applied to the TGA data at various heating rates and kinetic parameters were obtained 
at various conversions. The obtained kinetic parameters were then used to model the 
reactions at unknown heating rates that were not used in the algorithm. The obtained weight 
loss data was then compared with real TGA data for comparison and accuracy of the 
method. 
As discussed earlier, this inversion algorithm is advantageous over Miura’s method 
due to the fact that only two TGA curves are required and less data needs to be processed 
overall, thereby, significantly reducing the processing times and also the ability to predict 
  
89 
 
the reaction curves at unknown heating rates. For DECS-38 sub-bituminous coal, TGA 
data for heating rates 10 °C/min and 20 °C/min were used in the inversion algorithm for 
determining the kinetic parameters and the obtained parameters were then used to predict 
the weight loss curves at 5 °C/min and 40 °C/min. 
MATLAB codes used for calculations in this method are presented in Appendix A. 
The weight loss data sets from TGA experiments were reduced by linear interpolation to 
further simplify the computation. From these reduced data sets, a total of 50 conversions 
were chosen where the kinetic parameters were to be calculated. One candidate reaction is 
generated at each value of conversion and for cases where more than one real reaction 
occurs at a particular conversion, the values of E and A generated (using Step 3) would be 
incorrect. Therefore, using the second stage of the algorithm (Steps 4 and 5), the values of 
fi,0 of such unrealistic reactions can be set to zero, thereby determining the total number of 
reactions during devolatilization.  
Figure 3.4.1 shows the values of fi,0 for DECS-38 sub-bituminous coal. Upon 
examination of these values, 35 parallel reactions have been identified which are deemed 
to be occurring during the devolatilization of DECS-38 sub-bituminous coal. Increasing 
the number of conversion points to a number greater than 50 would not make a difference 
because the total number of parallel reactions occurring in this case falls within the number 
of conversion points chosen. For example, when the number of conversion points were 
increased from 50 to 100, the number of parallel reactions occurring was still the same and 
no change in the activation energy range was observed. It should be noted here that only 
the decomposition reactions, starting with removal of moisture, are taken into consideration 
during this method and hence, fixed carbon content and ash content are not included in 
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Figures 3.4.1 through 3.4.3. The values of activation energy and pre-exponential factor for 
each reaction are shown in Figures 3.4.2 and 3.4.3. 
 
 
Figure 3.4.1: Mass fraction of fuel associated with each reaction during 
devolatilization of DECS-38 sub-bituminous coal. 
It can be observed from Figure 3.4.2 and 3.4.3 that the values of kinetic parameters increase 
with increasing weight loss until a maxima is achieved when the mass fraction of the fuel 
(sub-bituminous coal) remaining is approximately 55 % indicating the completion of the 
devolatilization process. 
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Figure 3.4.2: Plot of activation energy vs mass fraction remaining for pyrolysis of 
DECS-38 sub-bituminous coal describing the values of activation energy for each 
parallel reaction. 
Activation energy values occurring during pyrolysis of DECS-38 sub-bituminous coal have 
a range between 84 - 683 KJ/mol with a mean activation energy of approximately 338 
KJ/mol while the values of pre-exponential factor are not constant for all reactions but have 
a large range between 9E+5 min-1 and 5E+32 min-1. 
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Figure 3.4.3: Plot of pre-exponential factor vs mass fraction remaining for pyrolysis 
of DECS-38 sub-bituminous coal describing the values of pre-exponential factor for 
each parallel reaction. 
The kinetic parameters thus obtained were used to model the TGA curves. A comparison 
of the actual TGA curves and the predicted curves are shown in Figures 3.4.4 and 3.4.5. 
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Figure 3.4.4: Comparison of experimental and predicted values for devolatilization 
of DECS-38 sub-bituminous coal for two heating rates (10 °C/min and 20 °C/min) 
used in the matrix inversion algorithm. (a) weight loss vs temperature, (b) derivative 
weight loss vs temperature. 
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Figure 3.4.5: Comparison of experimental and predicted values for devolatilization 
of DECS-38 sub-bituminous coal for two heating rates (5 °C/min and 40 °C/min) not 
used in the matrix inversion algorithm. (a) weight loss vs temperature, (b) derivative 
weight loss vs temperature. 
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From Figure 3.4.4, it can be clearly seen that for the two heating rates used in the 
algorithm, the model predicts the weight loss data and derivative weight loss data 
excellently with standard error of less than 0.5 % between the experimental and predicted 
values.  
The kinetic parameters obtained were then used for modeling the devolatilization 
reaction at two heating rates, 5 °C/min and 40 °C/min, not used in the algorithm to verify 
if the model could be extrapolated to unknown heating rates. This is important to verify 
since the process of devolatilization occurs instantaneously at the top of a moving bed 
reactor during gasification where the heating rates tend to be much higher, in the order of 
100 °C/sec. For the thermogravimetric analyzer used in this work (TA SDT Q600), a linear 
increase in furnace temperature was not possible at heating rates higher than 40 °C/min. 
Hence, it must be noted here that the maximum heating rates utilized in this work is 40 
°C/min.  
It can be observed from Figure 3.4.5, that the model can be utilized for predicting 
weight loss data for unknown heating rates also. As seen from Figure 3.4.5, the predicted 
weight loss values and derivative weight loss values fall within 1 % of the actual 
experimental curves suggesting that this model can be successfully utilized for predicting 
the devolatilization reaction even at extremely high heating rates that are achieved in 
industrial reactors. 
It is also important to understand if this model can be extended to various 
feedstocks with different compositions of moisture, volatile matter and fixed carbon 
content. Therefore, for this purpose and for comparison with other models described 
earlier, devolatilization of the two biomass materials (CS and SG) and blends of biomass 
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with the two coals are analyzed further using the matrix inversion method in the following 
sections.  
3.4.2 Kinetics of Corn Stover Devolatilization: Matrix Inversion Method 
The kinetics parameters for corn stover devolatilization were obtained via the 
matrix inversion method by utilizing the TGA data for heating rates 20 °C/min and 40 
°C/min in the inversion algorithm and the obtained parameters were then used to predict 
the weight loss curves at a lower heating rate of 5 °C/min. 
 
Figure 3.4.6: Mass fraction of fuel associated with each reaction during 
devolatilization of corn stover. 
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From Figure 3.4.6, it is evident that there are far fewer reactions occurring during the 
devolatilization of corn stover when compared to that of sub-bituminous coal. The values 
of fi,0 in Figure 3.4.6 suggest that the devolatilization of corn stover can be represented by 
a total of 7 reactions which includes removal of moisture. 
 
Figure 3.4.7: Plot of activation energy vs mass fraction remaining for pyrolysis of 
corn stover describing the values of activation energy for each parallel reaction. 
The range of activation energy values obtained, 55 – 225 KJ/mol, are also comparable to 
the values obtained using Methods 1 and 2 described in previous sections of this chapter. 
Likewise, the values of pre-exponential factor have a large range of approximately 2 – 
1.08E+17 min-1. 
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Figure 3.4.8: Comparison of experimental and predicted values for devolatilization 
of corn stover for two heating rates (20 °C/min and 40 °C/min) used in the matrix 
inversion algorithm. (a) weight Loss vs temperature, (b) derivative weight loss vs 
temperature. 
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Figure 3.4.9: Comparison of experimental and predicted values for devolatilization 
of corn stover for the heating Rate (5 °C/min) not used in the matrix inversion 
algorithm. (a) weight Loss vs temperature, (b) derivative weight loss vs temperature. 
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From Figures 3.4.8 and 3.4.9, it is evident that this method can also be used for predicting 
the devolatilization kinetics of high volatile biomass materials such as corn stover. 
3.4.3 Devolatilization Kinetics of 10CS90SB Blend  
Once the devolatilization kinetics of single fuels were analyzed, the matrix 
inversion algorithm was tested on the blends of those single fuels. For illustration, the 
analysis of 10% corn stover blended with 90% sub-bituminous coal is discussed in this 
section. 
 
Figure 3.4.10: Mass fraction of fuel associated with each reaction during 
devolatilization of 10% corn stover blended with 90% DECS-38 sub-bituminous 
coal. 
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The activation energy curve for the blended feedstock follows a slightly different pattern 
when compared to that of the single fuels, again, indicating the fact that there are certain 
interactions between the single fuels during devolatilization as described in previous 
sections. The kinetic parameters obtained even for the blended feedstocks represent the 
weight loss data excellently, with errors of less than 0.5% for all heating rates. This proves 
the effectiveness and robustness of the matrix inversion method in representing the 
devolatilization of various materials when compared with other methods discussed 
previously. 
 
 
Figure 3.4.11: Plot of activation energy vs mass fraction remaining for pyrolysis of 
10% corn stover-90% DECS-38 Sub-Bituminous coal describing the values of 
activation energy for each parallel reaction. 
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Figure 3.4.12: Comparison of experimental and predicted values for devolatilization 
of 10% corn stover-90% DECS-38 sub-bituminous coal for two heating rates (10 
°C/min and 20 °C/min) used in the matrix inversion algorithm. (a) weight loss vs 
temperature, (b) derivative weight loss vs temperature. 
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Figure 3.4.13: Comparison of experimental and predicted values for devolatilization 
of 10% corn stover-90% DECS-38 sub-bituminous coal blend for heating rates (5 
°C/min and 40 °C/min) not used in the matrix inversion algorithm. (a) weight loss vs 
temperature, (b) derivative weight loss vs temperature. 
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Table 3.4.1: Pyrolysis kinetic parameters and number of devolatilization reactions 
obtained for various feedstocks using matrix inversion algorithm. 
Feedstock Materials 
 
No. of 
Reactions 
Activation 
Energy 
Range 
 
 KJ/mol 
 
Arrhenius Constant 
Range 
 
 sec-1 
 
DECS-38 
Sub-Bituminous Coal (SB) 
 
 
 
35 
 
84-683 
 
 
9E+5 – 5E+32 
DECS-25 
Lignite Coal (LG) 
 
29 
 
93-300 
 
2E+8 – 2E+14 
 
Corn Stover (CS) 
 
7 
 
55-226 
 
7E+4 – 4E+13 
Switchgrass (SG) 
 
11 
 
40-175 
 
1E+0 – 2E+13 
10% CS + 90% SB 
 
29 
 
     75-722 
 
2E+9 – 5E+41 
30% CS + 70% SB 
 
20 
 
89-607 
 
2E+7 – 5E+45 
10% CS + 90% LG 
 
25 67-356 
 
2E+5 – 6E+15 
30% CS + 70% LG 
 
22 78-320 
 
3E+9 – 2E+22 
10% SG + 90% SB 
 
28 
 
112-796 
 
2E+8-2E+51 
30% SG + 70% SB 
 
24 
 
41-673 
 
1E+3-8E+31 
10% SG + 90% LG 
 
28 
 
59-237 
 
1E+3-4E+29 
30% SG + 70% LG 
 
24 
 
40-231 
 
1E+0-5E+17 
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It is expected that the number of reactions occuring during the devolatilization of blended 
materials would be between those that would occur during the devolatilization of single 
fuels and that the number would gradually decrease with increase of high volatile matter 
content fuels in the blend, i.e., corn stover and switchgrass in this case. For a 10% corn 
stover blend with sub-bituminous coal, as shown in Figure 3.4.10, the number of 
devolatilization reactions is 29, while only 20 reactions were observed in 30% blend of 
corn stover with sub-bituminous coal as shown in Table 3.4.1. 
3.5     Reactivity in CO2 Atmosphere 
For examining and comparing the results of pyrolysis and gasification reactions, 
the feedstock samples were subjected to heat treatment in a carbon dioxide atmosphere. 
Seven feedstock samples were utilized for this purpose which include both coals and blends 
of these coals with up to 30 % by weight of corn stover (similar to the feedstocks utilized 
for pyrolysis experiments). The flow rate of carbon dioxide utilized in these experiments 
was 100 ml/min while the heating rates varied between 5 °C/min and 40 °C/min. The 
feedstock samples were homogenized and placed in the TGA crucible and heated from 
room temperature to 1000 °C in a CO2 atmosphere and weight loss characteristics were 
analyzed. The weight loss profiles thus obtained for each feedstock material were used in 
estimating the kinetic parameters of char-CO2 reaction or Boudouard reaction. The weight 
loss profiles and DTG curves (moisture free basis) with respect temperature at a heating 
rate of 5 °C/min for all the feedstock materials are shown in Figures 3.5.1 and 3.5.2 
respectively.  
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Figure 3.5.1: Weight loss profiles (Left Y-Axis) and DTG curves (Right Y-Axis) of 
sub-bituminous coal, corn stover and SB-CS blends at a 5 °C/min heating rate in a 
CO2 atmosphere. 
 
Figure 3.5.2: Weight loss profiles (Left Y-Axis) and DTG curves (Right Y-Axis) of 
lignite coal, corn stover and LG-CS blends at a 5 °C/min heating rate in a CO2 
atmosphere. 
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When compared with devolatization of the feedstock materials utilizing a N2 atmosphere, 
it can be observed that the TGA curves with respect to temperature follow a similar pattern 
until approximately 500 °C even when pure CO2 is utilized as the sweeping gas. Although 
the mass loss rates at low temperatures are higher in pure CO2 atmosphere, the differences 
are only marginal. At higher temperatures, however, a significant increase in mass loss rate 
is observed in pure CO2 atmosphere. This may be understood by the stages of coal pyrolysis 
process. In case of 100% N2 environment, the coal pyrolysis process has two stages: release 
of moisture content and devolatilization but the process of coal pyrolysis in pure CO2 
environment can be divided into three stages: moisture release, devolatilization and char 
gasification or Boudouard reaction with CO2 to form CO in high temperature zone (> 500 
°C) . Also, this difference may be explained due to the density difference and transport 
properties of these gases which are quite different (the mass of the CO2 molecule is 
different from that of N2). Moreover, the formation of char particles is larger and its surface 
area is also higher than that of the N2 char particles. Hence, the weight loss observed in 
CO2 environment is much higher. 
3.5.1 Kinetics of Boudouard Reaction: Single Reaction Model 
Using heat flow equations based on a second order partial differential equation, 
Kissinger [74, 87] derived an equation relating the DTA peak temperature to the rate of 
heating as shown in Equation 3.5.1.  
                                         
𝑑 (𝑙𝑛 (
𝐻
𝑇𝑚
2))
𝑑 (
1
𝑇𝑚
)
⁄ = −
𝐸𝑎
𝑅⁄                           Eq. 3.5.1 
(Or),                              𝑙𝑛 (
𝐻
𝑇𝑚
2 ) =  (−
𝐸𝑎
𝑅𝑇𝑚
⁄ ) + 𝑙𝑛 (𝐴𝑅 𝐸𝑎
⁄ ) 
  
108 
 
Where, H = rate of heating, °C/min, Tm = peak temperature, Ea = energy of activation, 
KJ/mol. 
The Kissinger equation has been widely used to determine activation energies of reactions 
from DTA data. The method is based on the assumption that the DTA peak temperature 
corresponds to the temperature of maximum reaction rate. Nevertheless, studies on 
metallurgical cokes and other carbons using simultaneous TG/DTG/DTA have shown that 
these two temperatures are very close [87].  
 
Figure 3.5.3: Plot for estimating the activation energy for Boudouard Reaction of 
DECS-38 sub-bituminous coal, corn stover and blends of sub-bituminous coal with 
corn stover at various heating rates. 
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Figure 3.5.4: Plot for estimating the activation energy for Boudouard Reaction of 
DECS-25 lignite coal, corn stover and blends of lignite coal with corn stover at 
various heating rates. 
Plots of ln (H/Tm
2) vs peak temperatures for coal-corn stover blends are shown in 
Figures 3.5.3 and 3.5.4. The activation energies and pre-exponential factors can then be 
obtained from the slope and intercept of each plot respectively. The kinetic analysis 
performed is similar to the method described in Section 3.2 for devolatilization reaction, 
the only difference being that at high temperatures, char gasification in CO2 can be 
represented as a single reaction as opposed to several parallel reactions which was the case 
while estimating devolatilization kinetics. The linear fits of the obtained experimental data, 
with values of R2 greater than 0.99, suggest that the Boudouard reaction follows first order 
kinetics and that the assumption of using maximum peak temperatures is reasonable. The 
kinetic parameters obtained for each material is listed in Table 3.5.1.  
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Table 3.5.1: Peak temperatures at various heating rates and activation energies for 
heat treatment of coal-corn stover blends in a CO2 atmosphere obtained using 
thermogravimetric analysis. 
Feedstock 
Heating 
rate 
Peak 
Temperature 
 
Pre-
Exponential 
Factor 
Activation 
Energy 
 °C/min Tm, K min-1 KJ/mol 
Sub-Bituminous 
5 1212.29 
3.2E+14 424.16 
10 1233.19 
20 1255.48 
40 1270.97 
Lignite 
5 1155.34 
2.5E+05 208.76 
10 1196.19 
20 1230.86 
40 1266.13 
Corn stover 
5 1114.17 
5.4E+02 147.16 
10 1166.19 
20 1208.86 
40 1261.31 
10% CS + 90% SB 
5 1189.91 
2.0E+10 322.90 
10 1215.82 
20 1242.30 
40 1265.16 
30% CS + 70% SB 
5 1160.81 
2.0E+06 229.38 
10 1200.10 
20 1231.64 
40 1262.40 
10% CS + 90% LG 
5 1135.67 
1.4E+04 179.40 
10 1182.96 
20 1214.87 
40 1262.30 
30% CS + 70% LG 
5 1121.67 
1.2E+03 154.67 
10 1170.96 
20 1204.87 
40 1265.30 
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Figure 3.5.5: Variation in activation energy of Boudouard reaction with increasing 
percentage of corn stover in blends with sub-bituminous and lignite coals. 
Values of the kinetic parameters and peak temperatures obtained, as seen from 
Table 3.5.1, indicate that temperature at which the char-CO2 reaction occurs decreases with 
increasing percentage of corn stover in the blend. Clearly, the activation energy decreases 
with increasing percentage of corn stover in the feedstock as shown in Figure 3.5.5. 
Assessment of the kinetics indicated that while the overall range of activation energy had 
reduced significantly in blends with sub-bituminous coal, the amount of material reacting 
with the more reactive kinetics within the reaction system had increased after addition of 
corn stover. This indicates certain positive synergistic behavior exists between the blends. 
The shift in mass fraction and lowered temperature range of the reaction, all serve to 
confirm this hypothesis for these particular samples. A possible cause for the effect could 
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be the fact that the mineral content inherently present in biomass has catalytic effects which 
improves the CO2 reactivity during gasification of biomass and of coal-biomass blends and 
that the activation energies obtained are lowered compared to those of coals, implying that 
biomass is a viable fuel source for co-gasification [88-90].  
3.5.2 Kinetics of Boudouard Reaction: Matrix Inversion Algorithm 
The single first order reaction model described in Section 3.5.1 is applicable only 
in the high temperature zone where only the char or fixed carbon of the solid fuel remaining 
after devolatilization reacts with CO2. Hence, the model may not be able to predict the 
weight loss characteristics when pure CO2 is used as the sweep gas over the full 
temperature range where devolatilization of the feedstock followed by char gasification 
occurs. To overcome this drawback and predict the weight loss of the solid feedstock 
reacting in a CO2 environment, the matrix inversion algorithm (described in Section 3.3), 
previously utilized for accurately predicting the devolatilization reaction kinetics in an inert 
nitrogen atmosphere, was further extended for predicting the kinetics of any feedstock 
material undergoing thermal degradation in a CO2 atmosphere. Since it has already been 
established that both devolatilization and char gasification can be represented with first 
order kinetics, utilizing this algorithm is logically viable. 
For illustrative purposes, the results of the algorithm are presented for DECS-38 
sub-bituminous coal. Figures 3.5.6 and 3.5.7 describe the mass loss of DECS-38 sub-
bituminous coal in a CO2 atmosphere on a dry basis, i.e., after the complete removal of 
moisture and letting the initial temperature for the algorithm to be 400 K. The inversion 
algorithm was then applied to the TGA data at various heating rates and kinetic parameters 
were obtained at various conversions. Similar to the results described for the pyrolysis 
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model, obtained kinetic parameters were then used to model the reactions at unknown 
heating rates that were not used in the algorithm. The obtained weight loss data was then 
compared with real TGA data for comparison and accuracy of the method. 
 
Figure 3.5.6: Stem plot of mass fraction of fuel associated with each reaction 
occurring during decomposition of DECS-38 sub-bituminous coal in CO2 
atmosphere obtained using DAEM (matrix inversion algorithm). 
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Clearly, certain differences can be observed when comparing mass loss of sub-bituminous 
coal in N2 and CO2 environments as seen from Figures 3.4.4 and 3.5.6 respectively. Two 
separate mass loss zones are present when the coal is decomposing in CO2 environment as 
opposed to just one zone occurring during pyrolysis in N2 atmosphere. The second region 
in Figure 3.5.6 where a sharp loss in mass occurs and the mass fraction of fuel associated 
with the decomposition reaction is high, is the region corresponding to the reaction between 
fixed carbon or remaining char and CO2.  
 
Figure 3.5.7: Comparison of experimental and predicted weight loss curves using 
the DAEM matrix inversion algorithm for the decomposition of DECS-38 sub-
bituminous coal in a CO2 atmosphere at heating rates of 5 °C/min and 10 °C/min. 
0
0.2
0.4
0.6
0.8
1
0
0.2
0.4
0.6
0.8
1
1.2
400 600 800 1000 1200
M
a
ss
 F
ra
ct
io
n
 R
em
a
in
in
g
M
a
ss
 F
ra
ct
io
n
 R
em
a
in
in
g
Temperature, K
5 C/min, Model
5 C/min, Exp
10 C/min, Model
10 C/min, Exp
Left Y-Axis: 5 C/min
Right Y-Axis: 10 C/min
  
115 
 
3.6     Conclusions 
Thermogravimetric analysis has been performed on twelve feed materials, in other 
words, four single fuels and their blends, and the pyrolysis characteristics were analyzed. 
The kinetic parameters were determined for the pyrolysis reaction using a non-isothermal 
mode of operation and single first order reaction model at a heating rate of 5 °C/min. The 
lower final weight loss of sub-bituminous coal is related to the high content of fixed carbon 
which is not decomposed in this temperature range. Also, it can be observed that corn 
stover has the highest weight loss percentage. This trend is due to the high volatile content 
and low fixed carbon content in corn stover as compared to coals. Also, the pyrolysis 
temperature range decreased with an increase in the concentration of corn stover in the 
blends due to the fact that corn stover has a much higher weight loss rate when compared 
to that of the coals. 
The pyrolysis of both coals can be reasonably described as a process with at least 
three consecutive first order reactions with distinct temperature zones while corn stover 
and the blends have two and four distinct temperature zones respectively, where the first-
order kinetic analysis can be applied. Also, it was observed that the second thermal event 
during the coal pyrolysis has the highest activation energy of ~ 149 KJ/mol for DECS-38 
sub-bituminous coal and ~ 78 KJ/mol for DECS-25 lignite coal. As for corn stover, the 
major pyrolysis region is in the temperature range of 136-350 °C where a majority (~ 77%) 
of the mass fraction is removed with an activation energy of ~ 104 KJ/mol. It can also be 
seen that the activation energies of the blends are not simply additive in nature further 
indicating a possibility of interactions between the individual fuels. In addition, a thorough 
investigation into the synergistic behavior between single fuels in the blends has been 
performed with the conclusion that there are definite interactions between the DECS-38 
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sub-bituminous coal and corn stover in the temperature range of 230-450 °C. However, in 
the case of blends of DECS-25 lignite coal and corn stover, minimal synergistic behavior 
was observed only at lower concentrations of corn stover starting at a temperature of about 
320 °C and no synergistic interactions were observed during devolatilization of switchgrass 
blends.  
Finally, three different kinetic models for pyrolysis in N2 atmosphere have been 
discussed in this chapter of which the matrix inversion algorithm predicts the kinetic 
parameters such that the weight loss characteristics can be best represented for both single 
fuels as well as blends of coals and biomass materials. Also, weight loss characteristics of 
unknown fuel blends at unknown heating rates can be effectively predicted within 1 % 
error through the use of this algorithm. In addition, the weight loss characteristics of coal-
biomass blends in a CO2 environment have been compared with those of N2 atmosphere 
and the kinetic parameters for the Boudouard reaction have been predicted using a single 
first order reaction and maximum decomposition rate at temperatures greater than 500 °C.
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CHAPTER 4: EXPERIMENTAL MOVING BED GASIFICATION OF COAL-
BIOMASS BLENDS 
4.1 Laboratory Moving Bed Gasifier: Design and Operation 
A laboratory-scale gasification system (Figure 4.1.1 (a) and Figure 4.1.1 (b)) has 
been designed and constructed for the purpose of gasifying the feedstock materials 
discussed in Chapter 2 (blends of coal and biomass). The core of the system is an updraft 
gasifier, where pressure and temperature profiles are measured by a pressure transducer 
and a set of thermocouples, respectively. Coal/biomass is fed at the top of the gasifier by 
means of a quick-open flange. Air/oxygen and steam is fed at the bottom of the gasifier 
and its rate is measured by a rotameter. The design utilizes a single condenser wherein the 
hot outlet gas enters a cold zone controlled using a refrigerator maintained at 5 °C so that 
unreacted water and other solids can be collected more efficiently ensuring that clean gas 
enters the gas chromatograph. The air/oxygen is sent in through the middle of the reactor 
so that heat coming out of the reactor can be used to preheat the air/oxygen entering the 
reactor ensuring better use of waste heat.   
The gasifier is a 3 feet long cylindrical stainless steel modular flange assembly 
having an internal diameter of 1.37 inches fitted with another stainless steel tube of 0.075 
inches thick on the inside to promote better heat transfer in the axial direction. An initial 
comparative study was also performed with an inner quartz tube of similar dimensions as 
that of the stainless steel tube and the outlet product gas compositions were analyzed for 
the gasification of both coals at various oxygen/steam ratios. A schematic representation 
of both reactor designs is shown in Figure 4.1.1 (c). For both reactor configurations, the 
inner tube is fitted with a stainless steel grate with apertures large enough to let the ash pass 
through but small enough to hold the feed material. The grate is connected to a mechanical 
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rotary linear feed-through to periodically remove ash. The bottom zone, under the grate, 
has another cylindrical stainless steel flange with a height of about 5 inches to collect and 
then discharge the ash produced in the process. The grate at the bottom of the gasifier is 
used not only for holding the solid particles together but also as an oxidant distributor. The 
oxidant, fed at the bottom of the reactor, flows along the channels and exits through the 
small holes along the grate, so it is distributed across the whole section of the gasifier. At 
the bottom, a small tube allows the use of pre-heated steam to enter the bed. Temperature 
profiles along the gasifier axis are measured by a set of K-type thermocouples placed 
within a steel protective tube. The feeding system is constituted by a conical chamber 
enclosed in a quick-open flange about 5 inches in height. As stated earlier, the product gas 
stream flows through a condenser maintained at 5 °C where the condensed liquids flow 
down the tubes and also capture the solid particles entrained by the gas. At the bottom, the 
liquid phase is discharged and collected for further analysis. Condensers, wet scrubbing, 
packed bed, and cartridge filters constitute the gas-cleaning system, which though not 
optimized, guarantees a gas sufficiently clean for gas-chromatographic analysis 
(GOWMAC Auto System GC equipped with thermal conductivity detector (TCD) and a 
packed column). Gas sampling and analysis are carried out at selected times during the 
whole duration of the tests. There are two possible operation modes of the gasifier, 
corresponding to a constant or a variable bed height. In the first modality, after ignition, 
the bed height is brought to the desired value and maintained constant. This is achieved by 
feeding the solid material at proper time intervals. Therefore, as a consequence of 
variations in the oxidant flow rate, the oxidant-to-fuel ratio will also vary, given that the 
fuel feed rate is the adjustable variable to control the (constant) bed height.
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Figure 4.1.1 (a): Schematic of the laboratory scale moving bed gasification system. 
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Figure 4.1.1 (b): Pictures of the laboratory scale moving bed gasification system designed and constructed for gasifying 
coal-biomass blends. 
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Figure 4.1.1 (c): Schematic representation of the change in reactor design: (i) original design with inner quartz lining.             
(ii) modified reactor design with inner stainless steel tube for better heat utilization. 
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The feeding process is an important aspect in the operation of fixed-bed gasifiers. 
The rate of feed consumption is essentially dependent on the intrinsic reactivity and the 
rate of oxidant supply. Sufficient feed can be added to keep the bed height at a constant 
value. However, as the rate of feed consumption increases with the oxidant flow rate, the 
feeding frequency should also be properly adjusted. In particular, a limit is expected at very 
high flow rates, when the feeding frequency becomes so high that a semi-continuous 
procedure is no longer possible. The rate of feed consumption can also be adjusted by 
choosing a proper rate of solid discharge at the grate, but this may be problematic for small-
scale systems. Indeed, frequent solid discharge causes significant heat loss (the discharged 
solid is at a high temperature), with the introduction of instabilities in the gasification 
process.  
In the second modality, gasification tests can be made for different oxidant-to-fuel 
ratios, thus allowing the bed height to vary. For instance, after the selection of the oxidant 
flow rate, the fuel feed rate can be varied and, consequently, the bed height will also vary. 
However, it can be understood that there is again a limit at very low fuel feed rates, when 
the continuous operation approaches the behavior of a batch system and the processes of 
drying/devolatilization, on one side, and gasification/combustion, on the other side, tend to 
become uncoupled. 
The first step in the gasification process is the ignition of the bed. This is caused by 
adding small amounts of externally heated coal particles onto the grate while supplying the 
oxidant at low flow rates of approximately 100 ml/min to 150 ml/min. The feed material 
is then added onto the heated coal particles and the oxidant flow rate is increased, thus 
causing ignition of the bed. Once the bed is ignited, pre-heated steam is allowed to enter 
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the bed through the grate at the bottom. Experiments have been performed with varying 
oxygen flow rates ranging from 150 ml/min to 650 ml/min and varying steam flow rates of 
150 ml/min to 1600 ml/min. Apart from varying the oxygen to steam ratio, tests have also 
been performed with varying oxygen partial pressure on DECS-38 sub-bituminous coal. 
4.2 Gasification with Varying Oxygen/Steam Ratio 
4.2.1 Quartz Insulation 
The gasification of DECS-38 sub-bituminous coal was first carried out in the 
moving bed gasifier using an internal quartz insulation with varying oxygen to steam ratios. 
The oxygen flow rate was maintained constant at 650 ml/min while the flow rates of steam 
were varied from 0 to 1625 ml/min. The average composition of the product gases and the 
calculated energy efficiency values are provided in Tables 4.2.1 and 4.2.2 respectively. 
Table 4.2.1: Average composition of product gases obtained during gasification of 
DECS-38 sub-bituminous coal with varying oxygen to steam ratios. 
  Average Composition of Product Gases, % 
Feedstock 
Weight, g 
H2O:O2 H2:CO CO:CO2 (H2+CO):CO2 H2 % CO % CH4 % CO2 % 
75 0.00 0.14 0.90 1.02 5.39% 39.52% 1.43% 44.02% 
115 1.00 0.37 0.78 1.07 12.35% 33.57% 1.35% 42.93% 
110 1.50 0.48 0.72 1.08 15.09% 30.26% 1.31% 42.16% 
85 2.00 0.81 0.49 0.88 17.31% 21.36% 1.58% 41.81% 
235 2.50 0.91 0.47 0.90 18.23% 20.12% 1.29% 40.78% 
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Table 4.2.2: Calculated energy efficiency during gasification of DECS-38 sub-
bituminous coal with varying oxygen to steam ratios. 
H2O:O2 
Max 
H2:CO 
Max 
CO:CO2 
Energy Input 
(KJ) 
Energy Output 
(KJ) 
Efficiency 
% 
0.00 0.15 1.03 1504 378 27.9% 
1.00 0.55 0.82 2614 953 42.9% 
1.50 0.59 0.74 2499 1067 49.8% 
2.00 0.90 0.46 1990 676 40.4% 
2.50 1.20 0.46 5437 1922 40.4% 
Once the composition of the product species is obtained, the gross heating value of the 
gases and the energy conversion efficiency of the gasifier can be calculated using the 
following equations [33, 91]. 
                                             𝐺𝐻𝑉𝑔𝑎𝑠𝑒𝑠 = ∑ 𝐺𝐻𝑉𝑖𝑖 𝑋𝑖                                                Eq. 4.2.1 
where,  𝐺𝐻𝑉𝑖 is the gross heating value in kJ/m
3 and 𝑋𝑖 is the mole fraction of the fuel 
gases, i = CO, CH4 and H2. 
𝜂𝑔𝑎𝑠 =
𝐺𝐻𝑉𝑔𝑎𝑠𝑒𝑠
 
[𝑁𝑓𝑢𝑒𝑙 ∗ 𝐺𝐻𝑉𝑓𝑢𝑒𝑙 + 𝑁𝑠𝑡𝑒𝑎𝑚 ∗ 18{𝜆 + 4.18(373 − 298)}]⁄
                 Eq. 4.2.2 
where, Nfuel and Nsteam correspond to the moles of fuel and steam supplied, respectively, to 
the gasifier and 𝜆 is the enthalpy of vaporization. 𝐺𝐻𝑉𝑓𝑢𝑒𝑙 is the gross heating value of the 
fuel in kJ/kg and 𝜂𝑔𝑎𝑠 is the energy conversion efficiency. 
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Figures 4.2.1 through 4.2.3 describe the results obtained during the gasification of sub-
bituminous coal for varying steam to oxygen ratios. As seen from Figure 4.2.1, the increase 
in the amount of steam fed to the gasifier at constant oxygen flow rate (increased atoms of 
hydrogen supplied to the gasifier) results in an increase in the hydrogen percentage and a 
decrease in the percentage of carbon monoxide and carbon dioxide. The amount of methane 
produced should also increase with the steam supplied to gasifier. However, as the amount 
of methane produced during all the experiments was less than 2 %; it was difficult to 
establish a trend for methane using the obtained data. 
 
Figure 4.2.1: Average compositions of the product gases obtained during 
gasification of sub-bituminous coal with varying steam to oxygen ratios. 
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When experiments were performed with a steam to oxygen ratio above 2.5 in the non-
externally heated moving-bed gasifier, the combustion zone at the bottom of gasifier was 
extinguished in a very short period of time. Increasing steam flow rates to higher values 
imply decreasing the oxygen supplied to the gasifier. Thus, the exothermic reaction heat is 
not sufficient to maintain self-sustained reaction. Figure 4.2.2, using the data from the same 
experiment, shows that the ratio of carbon monoxide to carbon dioxide in the product 
stream decreases with an increase of steam supplied to the gasifier. Similarly, the ratio of 
syngas produced to the amount of carbon dioxide produced, increases up to a certain value 
of steam to oxygen ratio (Steam:O2 = 1.5) and then decreases. This is due to the reason that 
the production of carbon monoxide diminishes with increasing steam ratio. 
 
Figure 4.2.2: Average ratios of the product gases obtained during gasification of 
sub-bituminous coal with varying steam to oxygen ratios. 
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It can be observed from Figure 4.2.3. that the energy conversion efficiency, as described 
in Equation 4.2.2, increases up to a steam ratio of 1.5 and then decreases with higher steam 
ratios. The highest energy conversion efficiency obtained is approximately 50 % at a steam 
ratio of 1.5. The efficiency decreases for steam ratios above 1.5 since the exothermic zone 
at the bottom of the bed is either no longer available or that the endothermic zone is much 
more prevalent at higher steam ratios. 
 
Figure 4.2.3: Maximum ratios of the product gases and efficiency obtained during 
gasification of sub-bituminous coal with varying steam to oxygen ratios. 
 
 
 
0%
10%
20%
30%
40%
50%
60%
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 0.5 1 1.5 2 2.5 3
%
 E
ff
ic
ie
n
cy
M
a
x
im
u
m
 R
a
ti
o
s
Steam:Oxygen Ratio
Max H2:CO Max CO:CO2 % Efficiency
Constant Oxygen flowrate = 650 ml/min
  
128 
 
4.2.2 Stainless Steel Reactor: Gasification of Coal Feedstocks 
As stated earlier in Section 4.1, a comparative study on the effectiveness of using 
an inner stainless steel tubing in place of quartz tubing was performed at various 
oxygen/steam ratios for DECS-38 sub-bituminous coal. These tests were conducted to 
improve the heat transfer in the axial direction and thereby improve the useful product gas 
composition in the outlet gas stream and the overall efficiency of the gasifier. The product 
gas compositions and efficiency at various O2/steam ratios for gasification of sub-
bituminous coal are presented in Tables 4.2.3 (a) and (b).  
Table 4.2.3 (a): Average composition of product gases obtained during gasification 
of sub-bituminous coal at varying O2/steam ratios in the stainless steel moving bed 
gasifier. 
Material Operating Conditions 
Average Product Gas 
Compositions 
 Air O2 Steam 
Steam
:O2 
H2 % CO % CH4% CO2 % 
ml/
min 
ml/
min 
ml/min 
 
 
DECS-38 
Sub-
Bituminous 
Coal 
 
 
 
 
 
 
 
 
650 0 0 12.85% 32.96% 3.50% 41.71% 
 650 325 0.5 20.53% 31.27% 3.21% 41.69% 
 650 650 1 24.39% 26.13% 3.09% 41.68% 
 650 1300 2 26.65% 21.63% 2.53% 42.66% 
        
1400 300 0.00 0 4.94% 5.90% 0.00% 13.92% 
1400 300 150 0.5 5.27% 5.48% 0.00% 13.83% 
1400 300 300 1 5.95% 5.01% 0.00% 13.68% 
1400 300 600 2 7.35% 4.48% 0.28% 13.51% 
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Table 4.2.3 (b): Average ratios of desired product gases and calculated energy 
efficiency during gasification of sub-bituminous coal at varying O2/steam ratios in 
the stainless steel moving bed gasifier. 
Material Operating Conditions 
Average Ratios of Product 
Gases 
Efficiency 
% 
 Air O2 Steam 
H2:CO CO:CO2 
Syngas
/CO2 
 
ml/min ml/min ml/min 
DECS-38 
Sub- 
Bituminous 
Coal 
 
 
650 0.00 0.39 0.79 1.10 47.2% 
 650 325 0.66 0.75 1.24 45.9% 
 650 650 0.93 0.63 1.21 53.6% 
 650 1300 1.23 0.51 1.13 58.3% 
       
1400 300 0.00 0.84 0.42 0.78 19.6% 
1400 300 150 0.96 0.40 0.78 21.0% 
1400 300 300 1.19 0.37 0.80 23.1% 
1400 300 600 1.64 0.33 0.88 23.9% 
Clearly, with an increase in the concentration of steam in the gasifier the trends of 
the product gas compositions are similar to those obtained using an inner quartz lining. 
However, it must be noted here that the percentage of hydrogen generated at same 
operating conditions is much higher due to the increase in bed temperature (complete 
consumption of oxygen which was not achieved when using a quartz insulation)) and 
transfer of heat upwards in the axial direction and thus, better heat utilization which 
improved the overall efficiency by at least 20% when the steam concentration was at its 
maximum in the gasifier. Also, unlike the quartz insulation where the efficiency increased 
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only until a certain point and the maximum steam/O2 ratio that could be utilized was 1.5, 
in this experimental set-up, the efficiency increased steadily until a steam/O2 ratio of 2:1. 
In addition, the ratios of H2/CO, CO/CO2 and syngas/CO2, which dictate the quality of the 
product gas, are markedly higher as compared with the previous experimental set-up. 
Hence, the current experimental set-up was utilized for analyzing the product gas trends 
during the gasification of various blends of coals and biomass materials. Once it was 
established that utilizing an inner stainless steel lining improves the overall energy 
efficiency of the gasifier and quality of syngas produced, the process was repeated for the 
gasification of lignite coal. The product gas compositions and energy efficiency at various 
O2/steam ratios for gasification of lignite coal are presented in Tables 4.2.3 (c) and (d).  
Table 4.2.3 (c): Average composition of product gases obtained during gasification 
of lignite coal at varying O2/steam ratios in the stainless steel moving bed gasifier. 
Material Operating Conditions 
Average Product Gas 
Compositions 
 Air O2 Steam 
Steam:O
2 
H2 % CO % 
CH4
% 
CO2 
% ml/mi
n 
ml/mi
n 
ml/mi
n 
 
 
 
DECS-25 
Lignite 
Coal 
 
 
 
 
 
 
 
650 0 0 12.40
% 
35.73
% 
2.39% 45.97
%  650 325 0.5 16.14
% 
34.43
% 
1.95% 46.37
%  650 650 1 20.81
% 
27.58
% 
1.73% 45.47
%  650 1300 2 25.83
% 
22.03
% 
0.95% 45.90
%         
1400 300 0.00 0 4.37% 7.65% 0.00% 14.95
% 1400 300 150 0.5 6.45% 7.45% 0.00% 14.72
% 1400 300 300 1 8.20% 6.98% 0.00% 14.80
% 1400 300 600 2 11.37
% 
5.60% 0.00% 14.20
%  
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Table 4.2.3 (d): Average ratios of product gases and energy efficiency during 
gasification of lignite coal at varying O2/steam ratios in the stainless steel moving 
bed gasifier. 
Material Operating Conditions 
Average Ratios of Product 
Gases 
Efficiency 
% 
 Air O2 Steam 
H2:CO CO:CO2 
Syngas
/CO2 
 
ml/min ml/min ml/min 
DECS-25 
Lignite 
Coal 
 
 
650 0.00 0.35 0.78 1.05 58.1% 
 650 325 0.47 0.74 1.09 55.2% 
 650 650 0.75 0.61 1.06 58.8% 
 650 1300 1.17 0.48 1.04 61.9% 
       
1400 300 0.00 0.57 0.51 0.80 31.1% 
1400 300 150 0.87 0.51 0.94 35.9% 
1400 300 300 1.17 0.47 1.03 41.7% 
1400 300 600 2.03 0.39 1.19 52.1% 
 
4.2.3 Stainless Steel Reactor: Blends with Corn Stover 
Corn Stover was blended with both coals at various percentages, the maximum 
composition being 30% by weight of corn stover. Blending higher concentrations of corn 
stover (> 30% by weight was not feasible) resulted in the reactions inside the gasifier being 
extinguished due to low temperatures achieved at the bottom of the gasifier. The blends of 
both coals with corn stover were gasified at various O2/steam ratios and air/steam ratios 
and the product gas trends analyzed accordingly. Tables 4.2.4 and 4.2.5 provide an insight 
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into these compositions and the effect that addition of corn stover to coal had on the quality 
of gases produced.  
For blends of both coals with corn stover (Tables 4.2.4 and 4.2.5), it may be 
observed that with an increase in the inlet steam:O2 ratio, the composition of H2 in the 
outlet stream increases, composition of CO decreases while CO2 remains constant in all 
experiments indicating that Boudouard reaction (Equation 1.8.4), water gas reaction 
(Equation 1.8.5) and water gas shift reaction (Equation 1.8.7) are taking precedence. For 
instance, addition of 10 % by weight of corn stover to pure sub-bituminous coal and varying 
the O2:steam ratios from 2:1 to 0.5:1 results in a significant increase in the fraction of 
hydrogen in the dry product gas from approximately 19 % to 26 % while the percentage of 
carbon monoxide decreases from approximately 32 % to 22 % whereas the fraction of 
carbon dioxide remains fairly constant at approximately 43 %. In other words, the ratio of 
H2/CO increases with the addition of steam to the gasifier. This can be attributed to the fact 
that addition of excess steam to the gasifier lowers the temperatures which favors the 
conversion of char to CO and H2 and the generated CO is converted to CO2 and more H2 
through water gas shift reaction [92]. The gas compositions can also be compared by 
increasing the corn stover percentage in the blend, and holding the O2:steam ratio constant. 
An increase in corn stover percentage yields lower hydrogen and carbon monoxide while 
increasing the carbon dioxide yield in the product gas (Figure 4.2.4 (a)). For illustration, at 
a steam:O2 ratio of 2:1, the fraction of carbon monoxide decreases from 21 % to 13 % , 
hydrogen percentage decreases from 27 % to 17 % while carbon dioxide increases from 42 
% to 56 % when corn stover is increased from 0 % to 30 % in blends with sub-bituminous 
coal. This observed effect is significant with confidence intervals greater than 95%. 
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Table 4.2.4: Average composition of product gases and energy efficiency obtained during gasification of blends of sub-
bituminous coal and corn stover at varying O2/steam ratios in the lab scale stainless steel moving bed gasifier. 
Material Operating Conditions Average Product Gas Compositions 
Average Ratios of Product 
Gases 
ηgas % 
90% SB 
+ 
10% CS 
Air O2 Steam 
Steam:O2 H2 % CO % CH4% CO2 % H2:CO CO:CO2 
Syngas/
CO2 
ml/min ml/min ml/min 
650 325 0.5 19.41% 31.94
%
6.79% 43.29% 0.61 0.74 1.19 48.5% 
650 650 1 23.19% 26.58
%
6.18% 43.69% 0.87 0.61 1.14 51.1% 
650 1300 2 26.11% 22.17
%
5.46% 43.13% 1.18 0.51 1.12 53.3% 
1400 300 150 0.5 4.54% 3.36% 0.00% 13.91% 1.35 0.24 0.57 20.5% 
1400 300 300 1 6.57% 5.45% 0.07% 14.17% 1.21 0.38 0.85 44.6% 
1400 300 600 2 7.83% 6.18% 0.17% 14.59% 1.27 0.42 0.96 48.2% 
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Table 4.2.4 (contd.): Average composition of product gases and energy efficiency obtained during gasification of blends 
of sub-bituminous coal and corn stover at varying O2/steam ratios in the lab scale stainless steel moving bed gasifier. 
80% SB 
+ 
20% CS 
650 325 0.5 13.79% 25.34
%
6.01% 48.17% 0.54 0.53 0.81 20.3% 
650 650 1 15.64% 22.56
%
5.94% 47.43% 0.69 0.48 0.81 32.4% 
650 1300 2 24.43% 20.11
%
5.83% 47.11% 1.21 0.43 0.82 37.1% 
1400 300 150 0.5 4.59% 4.74% 0.11% 13.50% 0.97 0.35 0.69 23.1% 
1400 300 300 1 7.23% 5.92% 0.00% 13.80% 1.22 0.43 0.95 47.1% 
1400 300 600 2 7.45% 6.11% 0.00% 13.73% 1.22 0.45 0.99 50.4% 
70% SB 
 + 
30% CS 
650 325 0.5 12.19% 18.13
%
5.08% 56.67% 0.67 0.32 0.54 21.0% 
650 650 1 14.27% 15.73
%
4.29% 56.79% 0.91 0.28 0.53 25.0% 
650 1300 2 16.93% 13.09
%
4.00% 56.17% 1.29 0.23 0.53 28.6% 
1400 300 150 0.5 4.34% 3.25% 0.00% 14.86% 1.33 0.22 0.51 25.3% 
1400 300 300 1 7.18% 5.28% 0.00% 15.44% 1.36 0.34 0.81 41.3% 
1400 300 600 2 8.91% 6.21% 0.00% 15.13% 1.44 0.41 1.00 43.5% 
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Table 4.2.5: Average composition of product gases and energy efficiency obtained during gasification of blends of lignite coal 
and corn stover at varying O2/steam ratios in the lab scale stainless steel moving bed gasifier. 
Material Operating Conditions Average Product Gas Compositions 
Average Ratios of Product 
Gases 
ηgas % 
90% LG 
+ 
10% CS 
Air O2 Steam 
Steam:O2 H2 % CO % CH4% CO2 % H2:CO CO:CO2 
Syngas/
CO2 
ml/min ml/min ml/min 
650 325 0.5 14.14% 32.18
%
7.21% 46.45% 0.44 0.69 1.00 41.4% 
650 650 1 17.73% 27.20
%
6.03% 46.20% 0.65 0.59 0.97 49.4% 
650 1300 2 20.19% 21.64
%
5.81% 46.05% 0.93 0.47 0.91 58.3% 
1400 300 150 0.5 6.30% 8.00% 0.00% 13.66% 0.79 0.59 1.05 35.9% 
1400 300 300 1 10.87% 8.62% 0.00% 13.26% 1.26 0.65 1.47 57.2% 
1400 300 600 2 13.83% 9.81% 0.00% 13.01% 1.41 0.75 1.82 64.6% 
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Table 4.2.5 (contd.): Average composition of product gases and energy efficiency obtained during gasification of blends of 
lignite coal and corn stover at varying O2/steam ratios in the lab scale stainless steel moving bed gasifier. 
80% LG 
+ 
20% CS 
650 325 0.5 13.41% 23.93
%
7.43% 51.12% 0.56 0.47 0.73 36.2% 
650 650 1 16.43% 20.68
%
6.22% 51.94% 0.79 0.40 0.71 42.3% 
650 1300 2 18.78% 18.14
%
5.19% 51.74% 1.04 0.35 0.71 48.0% 
1400 300 150 0.5 6.64% 8.38% 0.00% 12.71% 0.79 0.66 1.18 37.5% 
1400 300 300 1 11.94% 7.73% 0.00% 13.33% 1.55 0.58 1.48 52.8% 
1400 300 600 2 13.98% 6.14% 0.00% 13.48% 2.28 0.46 1.49 61.1% 
70% LG 
 + 
30% CS 
650 325 0.5 12.92% 17.14
%
6.93% 60.93% 0.75 0.28 0.49 29.2% 
650 650 1 15.18% 15.14
%
6.51% 61.17% 1.00 0.25 0.50 34.5% 
650 1300 2 18.01% 12.39
%
5.06% 61.11% 1.45 0.20 0.50 38.4% 
1400 300 150 0.5 5.22% 5.69% 0.00% 14.76% 0.92 0.39 0.74 29.1% 
1400 300 300 1 12.03% 12.94
%
0.00% 11.65% 0.93 1.11 2.14 64.1% 
1400 300 600 2 13.73% 14.05
%
0.00% 14.34% 0.98 0.98 1.94 66.5% 
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Figure 4.2.4 (a): Effect of increasing percentage of corn stover on the product gas 
compositions in its blends with DECS-38 Sub-Bituminous coal (Steam/O2 = 2). 
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Figure 4.2.4 (b): Effect of increasing percentage of corn stover on the desired 
product gas ratios and efficiency in its blends with DECS-38 Sub-Bituminous coal 
(Steam/O2 = 2). 
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4.2.4 Stainless Steel Reactor: Blends with Switchgrass 
The gasification of blends of both coals with switchgrass was also performed under 
similar conditions as that of corn stover and the results were compared for compositions 
and efficiencies obtained as shown in Tables 4.2.6 and 4.2.7. Under similar experimental 
conditions, the product gas compositions obtained with switchgrass blends follow trends 
that are in comparison with corn stover blends. However, it can be clearly observed that 
the overall energy efficiencies obtained are much lower than that of blends with corn 
stover. This is due to the fact that much higher fraction of carbon dioxide is generated 
during gasification of these blends. A possible reason for this could be the fact that removal 
of higher percentage of volatile matter from switchgrass during pyrolysis may be resulting 
in char with higher void fraction due to which the interaction with incoming steam is 
reduced, thereby, generating more carbon dioxide through combustion in the bottom zone 
of the gasifier.  
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Table 4.2.6: Average composition of product gases obtained during gasification of blends of sub-bituminous coal and 
switchgrass at varying O2/steam ratios in the lab scale stainless steel moving bed gasifier. 
Feed Process Conditions Ratio of Product Gases 
Average Product Gas 
Compositions 
ηgas % 
 
Air O2 Steam 
Steam/ 
O2 
H2:CO CO:CO2 Syngas:CO2 H2 % CO % CH4% CO2 %  
ml/min ml/min ml/min 
90% SB 
+ 
10% SG 
            
 650 325 0.5 0.61 0.63 1.02 17.76% 28.91
% 
5.21% 45.86% 27.1% 
 650 650 1 0.89 0.53 1.00 21.78% 24.35
% 
5.75% 46.02% 30.4% 
 650 1300 2 1.15 0.49 1.05 26.32% 22.83
% 
4.68% 46.62% 53.5% 
            
1400 300 150 0.5 0.96 0.28 0.55 4.15% 4.32% 0.00% 15.49% 17.3% 
1400 300 300 1 1.15 0.28 0.61 5.04% 4.38% 1.18% 15.45% 25.7% 
1400 300 600 2 1.50 0.26 0.65 6.19% 4.12% 1.78% 15.93% 29.8% 
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Table 4.2.6 (contd.): Average composition of product gases obtained during gasification of blends of sub-bituminous 
coal and switchgrass at varying O2/steam ratios in the lab scale stainless steel moving bed gasifier. 
80% SB 
+ 
20% SG 
            
 650 325 0.5 0.72 0.37 0.63 14.16% 19.72
% 
5.42% 53.68% 23.5% 
 650 650 1 1.01 0.32 0.63 16.60% 16.45
% 
4.50% 52.11% 30.7% 
 650 1300 2 1.22 0.28 0.62 18.11% 14.88
% 
4.65% 53.57% 33.3% 
            
1400 300 150 0.5 0.73 0.23 0.40 3.01% 4.14% 0.00% 17.68% 16.4% 
1400 300 300 1 0.92 0.25 0.47 3.96% 4.33% 0.70% 17.58% 24.8% 
1400 300 600 2 1.05 0.26 0.53 4.87% 4.65% 0.00% 17.98% 28.9% 
70% SB 
+ 
30% SG 
            
 650 325 0.5 0.65 0.26 0.33 10.34% 16.00
% 
5.73% 62.52% 21.8% 
 650 650 1 0.82 0.23 0.43 11.89% 14.50
% 
4.28% 62.03% 26.8% 
 650 1300 2 1.31 0.16 0.46 13.09% 10.02
% 
4.78% 63.43% 28.3% 
            
1400 300 150 0.5 0.43 0.32 0.46 3.19% 7.43% 0.00% 23.18% 14.8% 
1400 300 300 1 0.64 0.29 0.47 4.61% 7.21% 0.00% 24.91% 22.1% 
1400 300 600 2 0.71 0.29 0.50 4.98% 7.01% 0.00% 24.13% 27.7% 
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Table 4.2.7: Average composition of product gases obtained during gasification of blends of lignite coal and switchgrass 
at varying O2/steam ratios in the lab scale stainless steel moving bed gasifier. 
Feed Process Conditions Ratio of Product Gases Average Product Gas Compositions ηgas % 
 
Air O2 Steam 
Steam/ 
O2 
H2:CO CO:CO2 (H2+CO):CO2 H2 % CO % CH4% CO2 %  
ml/min ml/min ml/min 
90% LG 
+ 
10% SG 
            
 650 325 0.5 0.55 0.56 0.87 16.63% 30.05
% 
5.96% 53.65% 37.1% 
 650 650 1 0.72 0.46 0.80 17.55% 24.41
% 
5.62% 52.58% 50.7% 
 650 1300 2 0.82 0.43 0.78 18.38% 22.38
% 
4.82% 52.07% 59.0% 
            
1400 300 150 0.5 0.78 0.40 0.72 5.75% 7.33% 0.00% 18.22% 30.3% 
1400 300 300 1 0.84 0.37 0.68 5.91% 7.01% 0.00% 18.99% 33.1% 
1400 300 600 2 0.88 0.38 0.71 6.08% 6.91% 0.00% 18.19% 38.0% 
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Table 4.2.7 (contd.): Average composition of product gases obtained during gasification of blends of lignite coal and 
switchgrass at varying O2/steam ratios in the lab scale stainless steel moving bed gasifier. 
80% LG  
+  
20% SG 
            
 650 325 0.5 0.60 0.30 0.48 11.52% 19.05
% 
5.44% 63.23% 34.4% 
 650 650 1 0.94 0.24 0.46 14.49% 15.34
% 
4.00% 64.18% 36.7% 
 650 1300 2 1.23 0.20 0.44 15.68% 12.74
% 
4.51% 64.06% 46.5% 
              
1400 300 150 0.5 0.72 0.25 0.43 3.29% 4.55% 0.00% 18.41% 24.1% 
1400 300 300 1 0.70 0.38 0.65 4.37% 6.24% 0.00% 16.32% 34.9% 
1400 300 600 2 0.72 0.44 0.76 5.15% 7.18% 0.00% 16.18% 39.7% 
70% LG  
+  
30% SG 
            
 650 325 0.5 0.44 0.21 0.30 6.35% 14.34
% 
3.51% 69.80% 20.1% 
 650 650 1 0.67 0.18 0.30 8.53% 12.81
% 
3.00% 70.94% 21.9% 
 650 1300 2 0.78 0.16 0.29 9.13% 11.69
% 
3.00% 71.14% 25.5% 
            
1400 300 150 0.5 0.59 0.22 0.34 2.02% 3.44% 0.00% 15.89% 14.6% 
1400 300 300 1 0.58 0.23 0.36 2.48% 4.30% 0.00% 18.90% 19.0% 
1400 300 600 2 0.59 0.26 0.42 2.96% 5.00% 0.00% 18.92% 23.0% 
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4.3 Gasification with Varying Oxygen Partial Pressure 
The gasification of sub-bituminous coal was carried out with varying oxygen partial 
pressures by introducing nitrogen into the feed stream. Steam was not used in these 
experiments. Three types of experiments were performed:  
1. Varying the oxygen percentage in the feed stream (40 %, 60 % and 100 %) at a constant 
total flow rate of 650 ml/min. 
2. Varying the oxygen percentage in the feed stream (21 %, 40 % and 60 %) at a constant 
total flow rate of 1400 ml/min. 
3. Varying the total flow rate of the inlet gas stream and thus the oxygen fraction (40 %, 
60 %, 80 % and 100 %) at a constant oxygen flow rate of 650 ml/min. 
Average product gas compositions and efficiencies obtained during gasification with 
varying oxygen partial pressures are shown in Tables 4.3.1 and 4.3.2 respectively. 
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Table 4.3.1: Average composition of product gases obtained during gasification of 
sub-bituminous coal with varying oxygen partial pressures. 
 Average Values, % 
Total Flow 
Rate, 
ml/min 
% 
N2 
% 
O2 CO:CO2 (H2+CO):CO2 H2 % CO % CH4% CO2 % 
650 60 40 0.59 0.66 1.61% 12.70% 0.31% 21.53% 
650 30 70 0.62 0.70 3.18% 23.99% 1.27% 38.84% 
650 0 100 0.90 1.02 5.39% 39.52% 1.43% 44.02% 
1400 78 21 0.62 0.62 0.00% 7.20% 0.00% 11.59% 
1400 60 40 1.42 1.60 2.67% 20.65% 0.95% 14.58% 
1400 40 60 1.59 1.79 3.86% 31.63% 1.12% 19.88% 
1625 60 40 2.16 2.39 2.75% 25.11% 0.38% 11.64% 
1083.33 40 60 1.26 1.42 3.59% 28.87% 0.67% 22.90% 
812.5 20 80 1.00 1.11 3.86% 32.17% 1.00% 32.33% 
650 0 100 0.90 1.02 5.39% 39.52% 1.43% 44.02% 
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Table 4.3.2: Calculated energy efficiency during gasification of sub-bituminous coal 
with varying oxygen partial pressures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Total Flow 
rate, 
ml/min 
% 
N2 
% 
O2 
Max 
CO:CO2 
Energy 
Input 
(KJ) 
Energy 
Output 
(KJ) 
Efficiency 
650 60 40 0.77 2591 226 8.7% 
650 30 70 0.79 2082 315 15.1% 
650 0 100 1.03 1504 378 25.2% 
1400 78 21 1.37 1295 120 9.3% 
1400 60 40 1.88 2591 735 28.4% 
1400 40 60 2.27 2637 895 33.9% 
1625 60 40 3.12 3170 1136 35.8% 
1083.33 40 60 1.79 2036 591 29.1% 
812.5 20 80 1.71 2128 543 25.5% 
650 0 100 1.03 1504 378 25.2% 
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Figure 4.3.1: Average carbon monoxide concentration in exit stream obtained 
during gasification of sub-bituminous coal with varying oxygen partial pressures. 
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Figure 4.3.2: Average carbon dioxide concentration in exit stream during 
gasification of sub-bituminous coal with varying oxygen partial pressures. 
From Figures 4.3.1 and 4.3.2, it can be observed that the average carbon monoxide and 
carbon dioxide concentrations in the gasifier exit stream increase with increasing oxygen 
percentage in the feed gas stream. The average composition values vary not only as a 
function of the partial pressure of oxygen but also vary as a function of the total flow rate 
of the feed stream. As the total flow rate of the inlet gas stream is increased, the 
concentrations of carbon monoxide and carbon dioxide in the product gas increase for the 
same oxygen percentage in the feed stream. For example, if the feed stream contains 40 % 
oxygen and 60 % nitrogen, the percentage of carbon monoxide in the product gas is 12.7 
% for a total inlet gas flow rate of 650 ml/min, 20.65 % for a total inlet gas flow rate of 
1400 ml/min and 25.11 % for a total inlet gas flow rate of 1625 ml/min. This is believed to 
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be caused because higher gas feed stream flow rate can propagate heat axially upwards at 
a much faster rate, causing the coal particles to react with oxygen at a higher rate. 
 
Figure 4.3.3: Average CO:CO2 ratios in the exit gas stream obtained during 
gasification of sub-bituminous coal with varying oxygen partial pressures. 
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Figure 4.3.4: Average hydrogen concentration obtained during gasification of sub-
bituminous coal with varying oxygen partial pressures. 
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Figure 4.3.5: Energy conversion efficiency obtained during gasification of sub-
bituminous coal with varying oxygen partial pressures. 
Since these set of experiments were conducted in the absence of steam, it can be inferred 
that hydrogen would be present only in small amounts in the product gas stream. The 
percentage of hydrogen in the outlet gas stream was a function of the oxygen partial 
pressure in the feed gas stream as well as the total flow rate of the feed gas stream and 
followed the same trends as observed for carbon monoxide and carbon dioxide. The 
efficiency of the gasification reaction increased with increase in the inlet gas flow rate and 
oxygen partial pressure for the same reason that more heat was believed to be carried 
upwards to produce higher BTU value gas. Based on the above experimental results, the 
optimal gasification conditions in the laboratory scale moving bed gasifier are:  
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1. Using pure oxygen and steam in the inlet gas stream, the highest energy conversion 
efficiency obtained is approximately 50 % at a steam to oxygen ratio of 1.5.  
2. Using a mixture of nitrogen and oxygen in the feed gas stream, the inlet gas stream 
flow rate of 1625 ml/min and oxygen percentage of 40 % provides the highest 
energy conversion efficiency and a max CO: CO2 ratio of approximately 3:1. 
3. The bed temperature range during the gasification of sub-bituminous coal was 
generally observed to be between 600 ºC and 800 ºC for the experiments with 
varying steam ratios and between 800 ºC and 1000 ºC for the experiments with 
varying oxygen partial pressures. 
4.4 Gasification of Briquettes  
The gasification of four different briquette types was also studied in the moving 
bed reactor under different oxygen to steam and air to steam ratios. The 4 briquette types 
are as follows: 
1. EM-SD: Clean coal from Emerald Mine (EM), Pennsylvania blended with 
20% by weight of kiln dried eastern white pine (pinus strobus) 
sawdust/shavings (SD) from sawmill (Turman Lumber Company) in 
Hillsville, Virginia. The coal was crushed and screened to 1.0 mm top size 
and air dried for 1 week to 1.6% moisture before briquetting while the 
sawdust was screened to 1.2 mm top size before oven drying to reduce the 
moisture content from approximately 11% to 0.2%.  
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2. EM-SD-G97: The briquettes obtained by blending Emerald Mine clean coal 
and pine sawdust were then coated with a wood derived chemical resin 
(G97). The coating was performed by dipping the briquettes in resin which 
was heated to approximately 300 °F.  
3. EB-CS: Raw coal from Eagle Butte Mine (EB), Wyoming blended with 20% 
by weight of corn stover (CS) obtained from Piedmont Bioproducts, VA. The 
raw coal was crushed and screened to 1.0 mm top size and air dried for 1 
week and oven dried for 48 hours at 105 °C to reduce the moisture content 
to 1.7%. Corn stover, on the other hand, was processed in a knife mill across 
a 3/16” screen and was blended with the coal without drying. 
4. EB-CS-G97: The blends of EB and CS were then coated with G97 resin as 
described above and used as feed for the moving bed gasifier. 
The wood derived resin coating was used for strengthening the briquettes which 
would be helpful during transportation of the blended feedstocks from a preparation plant 
to the gasification facility if the process were to be expanded to a large scale commercial 
facility. The idea is that the addition of resin would be helpful to hold the briquettes 
together without modifying the briquette properties and gasification characteristics. 
Experiments have been performed at atmospheric pressure with varying oxygen flow rates 
ranging from 300 ml/min (Air flow rate of 1400 ml/min equates to approximately 300 
ml/min of oxygen) to 650 ml/min and varying steam flow rates of 150 ml/min to 1300 
ml/min, the results of which would be discussed in the following sections. A ratio of 2:1 
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(steam:O2) was chosen because beyond this, the endothermic zone was prevalent inside the 
gasifier and the gasification of the feedstocks was not sustained. 
4.4.1 Product Gas Analysis: Briquette Gasification 
The gasification of the four types of briquettes was carried out in the moving bed 
gasifier with varying oxygen to steam ratios. The oxygen flow rate was constant at 650 
ml/min while the flow rates of steam were varied from 0 to 1625 ml/min. In order obtain a 
baseline for this analysis, different known concentrations of the product gases (H2, CO, 
CH4 and CO2) were first analyzed to obtain the times at which their respective peaks were 
occurring. A plot of volume % versus peak area gives the calibration curve for obtaining 
the concentrations of the product gases. The average composition of the product gases is 
calculated using a calibration curve for each species. Once the composition of the product 
species is obtained, the gross heating value of the gases and the energy conversion 
efficiency of the gasifier can be calculated. The average composition of the product gases 
and the calculated energy efficiency values are provided in Tables 4.4.1 through 4.4.4. 
Figures 4.4.1 through 4.4.5 describe the product gas compositions obtained during 
the gasification of EM-SD briquettes as an example. All the briquettes follow similar trends 
in the product gas compositions with the average values being different. As seen from 
Figure 4.4.1, the increase in the amount of steam fed to the gasifier at constant oxygen flow 
rate, implies increased atoms of hydrogen supplied to the gasifier. This results in a gradual 
increase in the hydrogen percentage. Also, the percentage of carbon monoxide increases 
with increasing steam concentration. This is due to the fact that the reaction of solid carbon 
or char with steam (Water gas reaction) and char with carbon dioxide (Boudouard 
Reaction) are predominant. These reactions are endothermic in nature and are favored at 
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high temperatures > 900 °C as described earlier. The combustion of solid carbon at the 
bottom of the gasifier results in a highly exothermic reaction releasing carbon dioxide 
initially. As the temperature inside the gasifier increases and attains a steady value of 
around 900 °C, the char present reacts with the carbon dioxide generated from combustion 
and thus results in an increased concentration of carbon monoxide and decreased carbon 
dioxide in the producer gas.  
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Table 4.4.1: Average Composition of Product Gases Obtained During Gasification of EM-SD Briquettes with Varying 
Oxygen to Steam Ratios 
Feed Process Conditions Ratio of Product Gases 
Average Product Gas 
Compositions 
ηgas % 
 
Air O2 Steam Steam/ 
O2 
H2:CO CO:CO2 Syngas:CO2 H2 % CO % CH4% CO2 %  
ml/min ml/min ml/min 
EM-SD 
 650 325 0.50 0.56 0.20 0.31 6.71% 12.00% 3.63% 59.94% 16.70% 
 650 450 0.70 0.56 0.21 0.33 6.75% 12.12% 3.98% 57.82% 18.71% 
 650 650 1.00 0.58 0.22 0.35 6.86% 11.86% 4.29% 53.50% 20.12% 
 650 975 1.50 0.59 0.32 0.50 9.63% 16.27% 6.39% 51.32% 26.10% 
 650 1300 2.00 0.61 0.39 0.62 11.20% 18.25% 9.37% 47.14% 28.12% 
            
1400 300 150 0.50 0.68 0.59 0.99 4.59% 6.74% 0.00% 11.50% 25.98% 
1400 300 300 1.00 0.90 0.64 1.22 6.23% 6.92% 0.00% 10.80% 31.40% 
1400 300 600 2.00 1.05 0.66 1.36 7.45% 7.11% 0.00% 10.73% 43.04% 
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Figure 4.4.1: Average compositions of the product gases obtained during 
gasification of EM-SD briquettes with varying steam to oxygen ratios. 
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Experiments with a steam to oxygen ratio of greater than 2.0 were also performed, but they 
resulted in the bed being extinguished in a very short period of time. Increasing steam flow 
rates to very high values implies decreasing the oxygen supplied to the gasifier. Thus, the 
exothermic reaction of carbon and oxygen which supplies the necessary heat for the 
gasification reaction to proceed is not favored resulting in temperatures not high enough 
for hydrogen to be stripped from steam. Hence, no gasification reaction occurred at higher 
flow rates of steam.  
 
Figure 4.4.2: Average ratios of the product gases obtained during gasification of 
EM-SD briquettes with varying steam to oxygen ratios. 
It is necessary to operate the gasifier at a nominal oxygen/carbon ratio. Even though high 
oxygen concentration results in increased carbon conversion, too much oxygen results in 
complete combustion and does not favor the production of syngas which will lower the 
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heating value of the producer gas. A comparison of the product gas compositions was also 
made by replacing oxygen with air as the gasifying agent. Air at much higher flow rate 
(1400 ml/min or 300 ml/min of O2) was introduced to improve the heat transfer axially 
upward through the reactor so that char a higher temperature falls into the gasifying zone. 
These experimental runs were perfomred to verify if the cold gas efficiencies improve with 
increasing steam concentrations. 
 
Figure 4.4.3: Average compositions of the product gases obtained during 
gasification of EM-SD briquettes with varying steam to oxygen ratios at a constant 
air flow rate of 1400 ml/min. 
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Figure 4.4.4: Average ratios of the product gases obtained during gasification of 
EM-SD briquettes with varying steam to oxygen ratios. 
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         Figure 4.4.5: Comparison of cold gas efficiencies for gasification of EM-SD 
briquettes 
From Figures 4.4.3 through 4.4.5, it can be clearly seen that the addition of air as the 
gasifying agent resulted in an increased H2/CO, CO/CO2 and syngas/CO2 ratio thereby 
improving the maximum cold gas efficiency from 28 % to 43 % as a consequence of lower 
CO2 concentration in the product gas. It must be noted here that the product gas also 
contains unreacted nitrogen from air (~1100 ml/min) and the average product gas 
compositions are actual values and not normalized. On the addition of resin G-97 to the 
briquettes of EM-SD, it was observed that although slightly higher concentrations of 
hydrogen and carbon dioxide were obtained at any given steam/O2 ratio, the efficiencies 
were almost the same and the addition of the resin did not improve the product gas 
concentrations drastically. 
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      Table 4.4.2: Average Composition of Product Gases Obtained During Gasification of EM-SD-G97 Briquettes with Varying 
Oxygen to Steam Ratios 
Feed Process Conditions Average Ratio of Desired Gases 
Average Product Gas 
Compositions 
Efficiency 
% 
 
Air O2 Steam 
Steam:O2 
H2/ 
CO 
CO:CO2 (H2+CO):CO2 H2 % CO % CH4% CO2 %  
ml/min ml/min ml/min 
EM-SD-
G97 
 650 325 0.50 0.51 0.19 0.29 6.06% 11.77% 5.04% 61.29% 16.86% 
 650 450 0.70 0.62 0.19 0.31 7.14% 11.52% 5.46% 60.04% 18.67% 
 650 650 1.00 0.69 0.25 0.42 10.13% 14.65% 6.15% 58.38% 25.44% 
 650 975 1.50 0.71 0.27 0.47 11.18% 15.64% 6.32% 57.14% 26.91% 
 650 1300 2.00 0.72 0.33 0.58 13.32% 18.44% 7.40% 55.09% 27.91% 
            
1400 300 150 0.50 0.68 0.46 0.77 4.01% 5.91% 0.00% 12.83% 20.50% 
1400 300 300 1.00 1.10 0.57 1.19 6.98% 6.34% 0.00% 11.21% 32.38% 
1400 300 600 2.00 1.26 0.70 1.59 8.95% 7.11% 0.00% 10.13% 47.65% 
 
 
 
  
 
1
6
3
 
 
 
                Table 4.4.3: Average Composition of Product Gases Obtained During Gasification of EB-CS Briquettes with Varying 
Oxygen to Steam Ratios. 
Feed Process Conditions Average Ratio of Desired Gases 
Average Product Gas 
Compositions 
Efficiency 
% 
 
Air O2 Steam 
Steam:O2 
H2/ 
CO 
CO:CO2 (H2+CO):CO2 H2 % CO % CH4% CO2 %  
ml/min ml/min ml/min 
EB-CS 
 650 325 0.50 0.56 0.30 0.47 10.53% 18.67% 3.55% 61.80% 20.84% 
 650 450 0.70 0.58 0.33 0.52 11.45% 19.74% 3.53% 59.47% 24.94% 
 650 650 1.00 0.60 0.42 0.67 14.19% 23.68% 3.72% 56.52% 34.12% 
 650 975 1.50 0.73 0.45 0.78 17.45% 24.03% 3.72% 53.41% 39.27% 
 650 1300 2.00 0.79 0.50 0.90 19.47% 24.80% 3.81% 49.20% 45.48% 
                    
1400 300 150 0.50 0.79 0.66 1.18 6.64% 8.38% 0.00% 12.71% 36.78% 
1400 300 300 1.00 1.23 0.79 1.76 11.94% 9.73% 0.00% 12.33% 51.89% 
1400 300 600 2.00 1.38 0.97 2.30 13.98% 10.14% 0.00% 10.48% 63.50% 
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       Table 4.4.4.: Average Composition of Product Gases Obtained During Gasification of EB-CS-G97 Briquettes with Varying 
Oxygen to Steam Ratios 
Feed Process Conditions Average Ratio of Desired Gases 
Average Product Gas 
Compositions 
Efficiency 
% 
 
Air O2 Steam 
Steam:O2 
H2/ 
CO 
CO:CO2 (H2+CO):CO2 H2 % CO % CH4% CO2 %  
ml/min ml/min ml/min 
EB-CS-
G97 
 650 325 0.50 0.85 0.26 0.49 12.80% 14.99% 3.76% 57.07% 20.45% 
 650 450 0.70 0.89 0.28 0.53 14.42% 16.15% 3.84% 57.41% 27.39% 
 650 650 1.00 0.98 0.30 0.59 16.74% 17.07% 4.83% 57.58% 35.28% 
 650 975 1.50 1.05 0.34 0.69 19.12% 18.27% 4.15% 54.26% 40.81% 
 650 1300 2.00 1.35 0.37 0.87 24.63% 18.30% 4.06% 49.55% 50.43% 
            
1400 300 150 0.50 0.92 0.45 0.85 5.22% 5.69% 0.00% 12.76% 31.69% 
1400 300 300 1.00 1.10 0.94 1.97 12.03% 10.94% 0.00% 11.65% 55.32% 
1400 300 600 2.00 1.33 1.07 2.49 14.73% 11.05% 0.00% 10.34% 64.75% 
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The briquettes of EB-CS and EB-CS-G97 were also gasified under similar operating 
conditions. A comparison of EM-SD and EB-CS determines that the blends of EB-CS are 
much more reactive when compared to blends of EM-SD. This can be seen in the fact that 
the concentrations of syngas are much higher in blends with CS and therefore the cold gas 
efficiencies are also much higher at any given steam/O2 ratio. Likewise, the addition of 
resin even in the case of EB-CS did not alter the product gas compositions and efficiencies 
to a great extent. 
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CHAPTER 5: SOURCE APPORTIONMENT OF CARBON USING STABLE 
CARBON ISOTOPE ANALYSIS 
5.1 Introduction 
Stable carbon isotope analysis, a unique analytical technique, has been utilized for 
distinguishing and quantifying the individual contributions of coal and biomass feedstock 
materials in the generation of carbon containing gases during the gasification of their 
blends. For this purpose, two different biomass samples, namely, corn stover (CS) and 
switchgrass (SG), were physically blended up to 30 % by weight with two coals, namely, 
DECS-38 sub-bituminous coal (SB) and DECS-25 lignite coal (LG). The blended samples 
were then gasified in a moving bed gasifier operating at atmospheric pressure and varying 
O2/steam ratios. The ratio of CO/CO2 in the product gas decreased with decreasing 
O2/steam ratio and increasing amount of biomass in the blends. Gasifying at a constant 
O2/steam ratio with increasing percentage of biomass in the feedstock, resulted in an 
increasing trend of δ13C (‰) values for the carbon containing product gases. An increase 
in the concentration of oxygen in the feed stream at a constant biomass percentage leads to 
the depletion of 13CO and enrichment of 13CO2 in the blends with corn stover while an 
enrichment of both 13CO and 13CO2 was observed in blends with switchgrass. For blends 
with corn stover, there exists the possibility of a carbon isotope equilibrium between CO 
and CO2 only at temperatures over 1000 °C at an O2:steam ratio of 2:1 and corn stover 
percentage not exceeding 20 % while for blends with switchgrass, the gases are not in 
isotopic equilibrium. Based on isotope mass balance considerations, for the operating 
conditions utilized, the contribution of corn stover was in the range of 1 % - 40 % for CO 
generation and 6 % - 69 % for CO2 generation. Switchgrass, on the other hand, contributed 
up to 53 % for CO generation and only 46 % for CO2 generation [93].  
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As discussed earlier in Chapter 1, biomass feedstocks have the potential to 
neutralize the effect of atmospheric greenhouse gas emissions. Therefore, it is imperative 
to quantify the contribution of these biomass feedstocks in the generation of greenhouse 
gases. Stable carbon isotope analysis is one such technique that can be utilized to obtain 
the source from which these gases are generated during co-processing of different 
feedstocks [94-97].  
5.2 Theory 
Stable carbon isotope composition is determined as the ratio of 13C/12C in a 
substance relative to Pee Dee Belemnite (PDB), a cretaceous marine fossil having an 
anomalously high 13C/12C ratio,  which is an internationally established reference standard 
for the stable isotope composition of carbon in natural materials. Carbon isotope ratios are 
commonly reported using delta notation (as δ13C values) in parts per thousand (per mil, ‰) 
[94, 95, 98-104] as shown in Equation 5.2.1. 
                           𝛿 𝐶13 =  (
(
13𝐶
12𝐶
⁄ )𝑆𝑎𝑚𝑝𝑙𝑒
 (
13𝐶
12𝐶
⁄ )𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 − 1)  × 1000 ‰                 Eq. 5.2.1 
 
Most plants can be divided into three groups based on the photosynthetic pathway by which 
they fix carbon [105-107]:  
1. C3: Almost 95 % of the plants on earth fall under this category. They fix carbon 
dioxide by the Calvin cycle and have δ13C values that generally range between -23 
and -34 ‰. Examples of these plants include temperate shrubs and trees, and 
grasses.  
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2. C4: These plants fix carbon dioxide by the Hatch-Slack cycle. Their δ13C values are 
less negative and range between -8 and -16 ‰. Plants like corn, switchgrass and 
warm weather grasses, predominantly, belong to this category.  
3. CAM: The third group of plants fix carbon dioxide by the Crassulacean Acid 
Metabolism pathway, and have δ13C values that are intermediary compared with C3 
and C4 plants. 
 
Fossil fuels such as coal and oil are made primarily of C3 plant material and are depleted 
in 13C relative to the atmosphere, because they were originally formed from living 
organisms [108, 109]. Therefore, the carbon from fossil fuels that is returned to the 
atmosphere through combustion is depleted in 13C when compared to atmospheric carbon 
dioxide. The values of δ13C vary by measurable amounts for different carbonaceous 
materials depending on their carbon source, fixation pathway, environment of formation 
and post depositional history. These values differ by about by about 10-15 ‰ for coal and 
biomass materials with the δ13C for coal being more negative than that of biomass. This 
means that the carbon contained in coal is richer in 12C, as is the case with all fossil fuels. 
Surprisingly, the carbon isotope composition of coal typically does not vary much with 
increasing coal rank which implies that significant fractionation does not occur during its 
decomposition [110].  
Most of the previous works involving coal co-processing that utilizes isotope mass 
spectrometry are related to the sourcing of coal-bitumen or coal-oil co-processing or 
gasification of carbon composite materials [98-101, 110, 111]. Steer et al. studied the 
efficacy of Highvale coal and Suncor bitumen co-processing using this technique and 
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provided a valid isotope mass balance method to quantify the amount of coal incorporated 
in each distillate fraction of their liquefaction process [101]. The synthetic oil generated 
from their process had intermediate isotope ratios which were directly proportional to the 
amount of coal incorporated in the feedstock. Lancet et al. determined the individual 
contributions of various coal/petroleum feedstocks under varied conditions and 
demonstrated that stable carbon isotope analysis can be a quantitative tool to independently 
assess the relative reactions of carbonaceous feedstocks during co-processing [99, 100, 
111]. In these studies, the isotope ratios of product gas samples were not obtained directly; 
instead, a forced carbon balance was utilized to obtain information on the gas products. 
These studies concluded that during actual co-processing, considerable bond breaking 
occurs. Because 13C-12C bonds are slightly stronger than 12C-12C, heavier organic residues 
like tar and vacuum bottoms were presumed to be enriched in 13C while lighter 
hydrocarbon gas products were enriched in 12C relative to the feed. Therefore, the isotope 
ratios in such cases would never be intermediate to the parent sources. Further 
complications may arise if isotope ratios in product materials change over time depending 
on the extent of the reactions. For cases in which the generation of light hydrocarbons such 
as methane is very low and when isotopic mass balances are not affected in a huge way, 
the isotope analysis would still be very useful for envisaging product trends that occur 
during co-processing. Thomas et al. performed isotope ratio mass spectrometry to study 
the gasification of carbon composites manufactured from the co-processing of coal tar pitch 
fibers and petroleum pitch matrix. They observed that heat treating the composite produced 
changes in the carbon isotope composition of the reactant which may be due to different 
δ13C values for the product gas and solid phases. Partially gasifying the carbon composites 
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lowered their δ13C values by about 4 ‰ due to the loss of 12C enriched gases such as 
methane and that the δ13C values for the composites change as function of gasification 
temperature.  Also, the products had intermediate δ13C values compared with the parent 
materials and hence, reactions occurring during co-processing were easily distinguishable 
[110].  
This chapter describes the utilization of stable carbon isotope analysis for 
distinguishing and quantifying the individual contributions of coal and biomass feedstocks 
towards the generation of carbonaceous product gases, in particular, CO and CO2. 
Although this application has been available for many years and used mostly in bio-geo-
chemical studies, very limited information is available in literature with regards to this 
particular analysis for blends of coal and biomass. Experimental data obtained by this 
method can provide valuable information for analyzing the interactions and synergy 
between the feedstocks and also for process modeling and optimization of production 
methods. 
5.3 Experimental  
5.3.1 Materials 
For the purpose of this work, two different biomass samples, namely, corn stover 
(CS) and switchgrass (SG) were blended individually up to 30 % by weight with two 
different ranks of coals, namely, sub-bituminous coal (SB) and lignite coal (LG). The 
proximate and elemental analysis of all the feedstock samples used in this study were listed 
earlier in Chapter 2. These feedstocks were then gasified in a moving bed gasifier operating 
at atmospheric pressure and varying O2/steam ratios. Gasification of blends of higher 
percentages of biomass (in excess of 30 % by weight) was not possible for the conditions 
at which the gasifier was operated since biomass is a low density, low heating value fuel 
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and addition of more biomass would make the gasification process less efficient. Hence, a 
maximum of 30 % by weight of biomass was chosen for this process. 
5.3.2 Process Parameters and Reactions 
The gasification of the feedstock materials was performed at atmospheric pressure 
using three different volumetric ratios of O2:steam (0.5, 1.0 and 2.0) which correspond to 
an O2:steam mass ratio of 1.0, 2.0 and 4.0, respectively. One hundred grams of solid 
feedstock was gasified during each experimental run. The oxygen flow rate was maintained 
constant at 650 ml/min while the flow rate of steam was maintained between 325 ml/min 
to 1300 ml/min and the corresponding product gas compositions obtained. The O2/solid 
feedstock mass ratio was, therefore, constant at 0.625 while the corresponding steam/solid 
feedstock mass ratios were 0.624, 0.312 and 0.156, respectively. For the purpose of 
discussion, the O2:steam ratios are further presented as volumetric ratios. 
An increase in the O2:steam ratio was seen to result in an increase in the gasification 
temperature. Since, the gasification was performed auto-thermally, it was necessary that 
the percentages of oxygen and steam were varied in such a way so as to not let the 
endothermic zone dominate. Therefore, a minimum O2:steam ratio of 0.5:1 was utilized, 
below which endothermic zone would prevail and the gasification would not proceed 
further. The product gas compositions (response variables) were analyzed in two ways: (1) 
by varying the O2:steam ratios at constant biomass wt% and, (2) by varying the biomass 
wt % at constant O2:steam ratios (treatment factors). Each experimental run was replicated 
5 times (n=5) and average product gas compositions were obtained within 95% confidence 
interval. A list of all the treatment factors and response variables along with values of 
standard deviations for product gas compositions is provided in Table 5.3.1. 
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In any gasifier, char gasification takes place following coal pyrolysis. The 
remaining carbonaceous solids from the pyrolysis reactions are further oxidized through 
heterogeneous reactions with carbon dioxide, carbon monoxide, steam, oxygen, and 
hydrogen. The major reactions that occur during the gasification process are described in 
Equations 5.3.1 through 5.3.7. 
                  C + O2 → CO2             ∆H = -394 kJ/mol                           Eq. 5.3.1 
Combustion          C + ½ O2 → CO          ∆H = -111 kJ/mol                                  Eq. 5.3.2 
                  CO + ½ O2 → CO2      ∆H = -283 kJ/mol                                  Eq. 5.3.3 
Boudouard Reaction              C + CO2 ↔ 2CO                   ∆H = +172 kJ/mol         Eq. 5.3.4 
Vapo-gasification                  C + H2O ↔ CO + H2             ∆H = +131 kJ/mol         Eq. 5.3.5 
Water gas shift                      CO + H2O ↔ CO2 + H2         ∆H =    -41 kJ/mol         Eq. 5.3.6 
Methanation                          C + 2H2 ↔ CH4                     ∆H =    -75 kJ/mol         Eq. 5.3.7 
 
Sensible heating of the hot gas provides the heat required for the two endothermic 
gasification reactions given by Equations 5.3.4 and 5.3.5. These are responsible for most 
of the gasification products like hydrogen and carbon monoxide. Equation 5.3.6, known as 
the water gas shift reaction, is an exothermic reaction and has an effect on the H2/CO ratio 
of the gasification product which is very important when the gas is used for synthesis in 
downstream processes such as Fischer-Tropsch synthesis. High conversion of CO and 
steam to CO2 and H2 is favored at low temperatures. The reaction of char with hydrogen to 
produce methane proceeds at a very slow rate except at very high pressures which is not 
the case in this study and hence very low concentrations of methane are observed in all the 
experiments that were performed.  
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5.3.3 Apparatus 
The laboratory-scale updraft gasification system, described in Chapter 4, was 
designed and constructed for this study. The gasifier is a 3 feet long cylindrical stainless 
steel modular flange assembly having an internal diameter of 1.37 inches fitted with 
another stainless steel tube of 0.075 inches thick on the inside to promote better heat 
transfer in the axial direction. Temperature profiles along the gasifier axis are measured by 
a set of K-type thermocouples placed within a steel protective tube. 
Coal/biomass is fed at the top of the gasifier by means of a quick-open flange while 
oxygen and steam are fed from the bottom of the gasifier at atmospheric pressure. The 
design utilizes a single condenser wherein the hot outlet gas at a temperature of 
approximately 120 °C enters a cold zone maintained at a temperature of about 10 °C so that 
unreacted water and other solids can be removed efficiently ensuring that clean product 
gas which is a mixture of hydrogen, carbon monoxide, carbon dioxide and small amounts 
of methane, is analyzed using a GOW-MAC Series 600 Auto System GC equipped with a 
dual thermal conductivity detector (TCD). Nitrogen was used as the carrier gas for the 
isothermal separation of diatomic hydrogen using a packed HAYESEP Q 60/80 column (4 
feet), while helium was used for the isothermal separation of all other carbonaceous gases 
using a packed HAYESEP N 60/80 column (9 feet). Both carrier gases were regulated at 
30 ml/min and analytes were detected every 6 minutes. The temperature of the thermal 
conductivity detector was maintained constant at 150 °C while the columns were constant 
at 140 °C.  
The first step in the gasification process is the ignition of the bed by adding small 
amounts of externally heated charcoal particles onto the gasifier bed while supplying the 
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oxidant at a low flow rate of approximately 100 ml/min to 150 ml/min. The feed material 
is then added onto the charcoal particles and the oxidant flow rate is increased, causing 
ignition of the bed. Once the bed is ignited, pre-heated steam enters the bed from the bottom 
of the gasifier. The outlet of the GC is connected to a 500 cc TEDLAR gas sampling bag 
using a two-way valve. Once the oxygen in the product gas stream is depleted, the valve is 
opened so that the product gases are collected in the sampling bag. The collected gases are 
then analyzed for their isotopic composition using GC-C-IRMS. 
The GC-C-IRMS analyses were performed using a modified Thermo Fisher Trace 
GC Ultra connected to a DeltaPLUSXP isotope ratio mass spectrometer by GC Isolink 
interface. All carbonaceous compounds eluting from the GC column (30 m Carboxen 1010 
PLOT column) were oxidized to CO2 in a capillary combustion reactor maintained at 1030 
°C. Helium, flowing at 0.5 ml/min, was used as the carrier gas while the temperature of the 
GC was ramped at a rate of 10 °C/min from 50 °C to 150 °C and held at that temperature 
for 30 minutes. The product gas samples from the gasifier were loaded onto the GC using 
50 µL gas tight syringes through a PVT injector held at 200 °C in split/splitless mode at a 
split ratio of 30:1. All isotope analyses were performed in duplicate to provide an estimate 
for precision and the standard deviation obtained for all δ13C values was less than ± 0.2 ‰ 
(n = 5).
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Table 5.3.1: Product Gas Compositions for CO and CO2 Produced During the Gasification of Various Coal/Biomass 
Blends at Different O2/Steam Ratios 
Operating 
Conditions 
    Average Gasifier Product Gas Composition, % (σ values calculated for n = 5) 
O2:Steam Pure Sub-Bituminous Coal Pure Lignite Coal 
 CO (σ) CO2 (σ) CO/CO2 CO (σ) CO2 (σ) CO/CO2 
2.0 31.27% (1.51) 41.69% (1.24) 0.75 34.43% (2.02) 46.37% (1.15) 0.74 
1.0 26.13% (1.13) 41.68% (1.33) 0.63 27.58% (1.93) 45.47% (1.29) 0.61 
0.5 21.63% (1.28) 42.66% (1.41) 0.51 22.03% (1.58) 45.90% (1.17) 0.48 
O2:Steam 
Biomass 
  Wt % 
      SB + CS SB + SG LG + CS LG + SG 
CO CO2 CO/CO2 CO CO2 CO/CO2 CO CO2 CO/CO2 CO CO2 CO/CO2 
2.0 
10% 
31.94% 43.29%  0.74  28.91% 45.86% 0.63 32.18% 46.45% 0.69 30.05% 53.65% 0.56 
1.0 26.58% 43.69% 0.61 24.35% 46.02% 0.53  27.20% 46.20% 0.59 24.41% 52.58% 0.46 
0.5 22.17% 43.13% 0.51 22.83% 46.62% 0.49 21.64% 46.05% 0.49 22.38% 52.07% 0.43 
 σ (CO) σ (CO2) σ (CO) σ (CO2) σ (CO) σ (CO2) σ (CO) σ (CO2) 
2.0 1.09 2.15 1.38 2.18 1.65 1.98 1.61 2.32 
1.0 1.71 1.24 2.11 2.27 2.01 1.43 1.88 1.76 
0.5 1.13 1.78 1.93 2.82 2.23 2.07 1.72 1.91 
2.0 
20% 
25.34% 48.17% 0.53 19.72% 53.68% 0.37 23.93% 51.12% 0.47 19.05% 63.23% 0.30 
1.0 22.56% 47.43% 0.48 16.45% 53.11% 0.32 20.68% 50.94% 0.40 15.34% 64.18% 0.24 
0.5 20.11% 47.11% 0.43 14.88% 53.57% 0.28 18.14% 51.74% 0.35 12.74% 64.06% 0.20 
 σ (CO) σ (CO2) σ (CO) σ (CO2) σ (CO) σ (CO2) σ (CO) σ (CO2) 
2.0 2.02 1.26 1.99 2.29 2.10 1.23 2.63 2.07 
1.0 1.78 1.69 2.52 1.98 2.79 1.95 2.42 1.64 
0.5 1.91 1.17 1.44 1.26 2.59 1.47 2.59 1.92 
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Table 5.3.1 (contd.): Product Gas Compositions for CO and CO2 Produced During the Gasification of Various 
Coal/Biomass Blends at Different O2/Steam Ratios 
 
O2:Steam 
Biomass 
  Wt % 
      SB + CS SB + SG LG + CS LG + SG 
CO CO2 CO/CO2 CO CO2 CO/CO2 CO CO2 CO/CO2 CO CO2 CO/CO2 
2.0 
30% 
18.13% 56.67% 0.32 16.00% 62.52% 0.26 17.14% 60.93% 0.28 14.34% 69.80% 0.21 
1.0 15.73% 56.79% 0.28 14.50% 62.03% 0.23 15.14% 61.17% 0.25 12.81% 70.94% 0.18 
0.5 13.09% 56.17% 0.23 10.02% 63.43% 0.16 12.39% 61.11% 0.20 11.69% 70.14% 0.16 
 σ (CO) σ (CO2) σ (CO) σ (CO2) σ (CO) σ (CO2) σ (CO) σ (CO2) 
2.0 2.14 2.29 2.87 1.93 1.29 1.97 2.10 1.93 
1.0 2.08 1.98 2.61 2.18 1.85 1.38 1.72 1.77 
0.5 1.92 1.26 2.06 2.22 2.27 2.11 1.66 2.03 
 
 
Table 5.3.2: δ 13C values of various feedstock materials 
Feedstock δ 13C, ‰ 
  
DECS-38 Sub-Bituminous Coal -25.31 
DECS-25 Lignite Coal -24.71 
Corn Stover -11.05 
Switchgrass -11.13 
Pine  -24.62 
Poplar -23.93 
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Table 5.3.3: Carbon Isotope Ratios for CO and CO2 Produced During the Gasification of Various Coal/Biomass Blends 
at Different O2/Steam Ratios 
 
O2/St 
Biomass 
  Wt % 
δ 13C, ‰ (σ values calculated for n = 5) 
- 0% 
Pure Sub-Bituminous Coal Pure Lignite Coal 
CO St. Dev (σ) CO2 St. Dev (σ) CO St. Dev (σ) CO2 St. Dev (σ) 
-25.36 0.11 -23.46 0.21 -24.75 0.17 -23.26 0.19 
 
  
SB + CS SB + SG LG + CS LG + SG 
CO (σ) CO2 (σ) CO (σ) CO2 (σ) CO (σ) CO2 (σ) CO (σ) CO2 (σ) 
2.0 
10% 
-24.47 0.15 -17.90 0.14 -22.59 0.09 -20.91 0.08 -24.61 0.07 -17.37 0.07 -23.58 0.13 -20.85 0.05 
1.0 -24.04 0.11 -20.51 0.07 -23.02 0.13 -21.11 0.17 -24.38 0.04 -22.23 0.14 -24.21 0.09 -21.13 0.06 
0.5 -23.91 0.18 -21.04 0.20 -23.38 0.12 -21.35 0.05 -24.06 0.06 -23.96 0.04 -24.52 0.11 -21.28 0.12 
 
2.0 
20% 
-23.47 0.16 -16.92 0.18 -20.35 0.09 -20.19 0.05 -23.72 0.10 -16.19 0.09 -22.49 0.07 -19.74 0.08 
1.0 -22.34 0.08 -19.51 0.09 -21.78 0.06 -20.49 0.04 -23.42 0.19 -20.81 0.20 -24.00 0.10 -20.13 0.09 
0.5 -21.26 0.16 -20.38 0.09 -22.81 0.13 -20.65 0.13 -23.23 0.15 -22.74 0.06 -24.40 0.04 -20.34 0.07 
 
2.0 
30% 
-21.56 0.22 -16.73 0.13 -17.84 0.14 -18.90 0.04 -22.43 0.14 -15.24 0.02 -19.16 0.12 -18.44 0.05 
1.0 -20.72 0.12 -18.97 0.06 -20.43 0.09 -19.15 0.08 -21.88 0.09 -17.96 0.09 -22.89 0.06 -19.07 0.11 
0.5 -19.54 0.17 -20.17 0.06 -22.10 17 -19.26 0.05 -20.99 0.05 -22.28 0.02 -23.88 0.08 -19.54 0.07 
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5.4 Results and Discussion 
The product gas compositions of CO and CO2 for all experimental runs are shown 
in Table 5.3.1. A major fraction of the product gas contains hydrogen, and methane is also 
formed in small quantities (CH4 < 5 % of total product gas for all experiments). Since 
hydrogen and methane are not analyzed using stable isotope analysis, their compositions 
are not listed in Table 5.3.1.  
The δ13C values for all the feedstock samples used in this analysis are listed in Table 
5.3.2. For sourcing applications in co-processing, it is necessary that the co-processing 
feedstocks, which in this case are coal and biomass, have sufficiently different carbon 
isotope ratios. The idea is that, two isotopically different materials undergoing thermal 
degradation in a closed system would generate products that would have an isotopic 
signature intermediary to the parent materials, thus, reflecting the relative amounts of each 
material utilized. As it can be seen from Table 5.3.2, sub-bituminous coal and lignite coal 
are similar in isotope composition (-25.31 and -24.71 ‰) as are corn stover and switchgrass 
(-11.05 and -11.13 ‰). The difference in the carbon isotope ratios is relatively large 
between the coals and corn stover/switchgrass when compared to that of softwoods like 
pine and poplar which have isotopic compositions of -24.62 and -23.93 ‰ respectively, 
similar to that of the coals. This is due to the fact that fossil fuels and most woody biomass 
materials belong to a similar class of biological material (i.e., C3 plants) as discussed 
earlier. Therefore, corn stover and switchgrass were chosen to be mixed with the coals in 
different proportions in this study. Under the GC experimental method used, carbon 
monoxide elutes around 318 seconds after injection followed by methane and carbon 
dioxide at 606 seconds and 1350 seconds respectively as shown in Figure 5.4.1. The 
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amount of methane generated is relatively low, in the range of approximately 2-4 % of the 
total product gas, and hence it is difficult to quantify its isotopic signature without the 
injection volume being too large. This would require pre-concentration of methane from 
the sample gas and heavy water tracer tests may be used in such cases to determine the 
origin of methane [112] which is out of the scope of this work. Therefore, the IRMS 
analysis is limited to CO and CO2 which are the major carbon containing gases produced.  
 
Figure 5.4.1: Typical GC-C-IRMS Chromatogram of the Gasification Products. CO 
elutes at t = 318 s followed by CH4 at 606 s and CO2 at 1350 s 
The δ13C values of the gaseous products (i.e., CO and CO2) were analyzed as 
described in Section 5.3.3 and they are listed in Table 5.3.3. The isotope values of CO from 
the gasification of each pure source coal are extremely close to the isotope values of the 
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parent materials and are only slightly more negative by about 0.3 ‰. On the contrary, CO2 
under same gasification conditions is enriched in 13C by about 2 ‰ when compared with 
the source coals. This can be caused due to the effect of isotopic fractionation occurring 
during gasification. These shifts in isotopic values can be used in the estimation of isotopic 
equilibrium temperatures and compare them to the actual temperatures attained in the 
gasifier so as to verify the presence of an isotopic equilibrium between the gaseous 
compounds. 
5.4.1 Blends with Corn Stover 
For blends of both coals with corn stover, from Table 5.3.1, it may be observed that 
with a decrease in O2:steam ratio, the composition of CO decreases while CO2 remains 
constant in all experiments indicating that Boudouard reaction (Equation 5.3.4), water gas 
reaction (Equation 5.3.5) and water gas shift reaction (Equation 5.3.6) may be taking 
precedence. For instance, in blends of sub-bituminous coal and corn stover, holding the 
percentage of corn stover constant at 30 % and varying the O2:steam ratios from 2:1 to 
0.5:1 results in a significant drop in the fraction of carbon monoxide in the dry product gas 
from approximately 18 % to 13 % whereas the fraction of carbon dioxide remains fairly 
constant at approximately 56 %. In other words, the ratio of CO/CO2 decreases with the 
addition of steam to the gasifier. This can be attributed to the fact that addition of excess 
steam to the gasifier lowers the temperatures which favors the conversion of CO to CO2 
through water gas shift reaction. The gas compositions can also be compared by increasing 
the corn stover percentage in the blend, and holding the O2:steam ratio constant. An 
increase in corn stover percentage yields lower carbon monoxide while increasing the 
carbon dioxide yield in the product gas. Considering an O2:steam ratio of 2:1, the fraction 
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of carbon monoxide decreases from 32 % to 18 % while carbon dioxide increases from 42 
% to 56 % when corn stover is increased from 0 % to 30 % in blends with sub-bituminous 
coal. This observed effect is significant with confidence intervals greater than 95%. The P-
values were calculated by performing an analysis of variance (ANOVA) of the obtained 
product gas compositions with respect to varying O2:steam ratios and varying corn stover 
percentages in the blended feedstock (Section 5.5). 
Similar trends are observed in blends of corn stover with lignite coal. A comparison 
of corn stover blends with sub-bituminous and lignite coal suggests that the ratio of 
CO/CO2 is slightly lower in lignite blends. This is because, addition of corn stover to both 
coals reduces the amount of char reacting in the gasifier and in the presence of excess 
oxygen, the generation of CO2 is favored. Also, a possible reason for this effect could be 
the fact that blends of lignite coal with corn stover have a lower hydrogen content. This 
results in lower energy content material which burns or combusts readily in the presence 
of oxygen to emit more CO2 as compared to blends of sub-bituminous coal and corn stover. 
This result is also in accordance with the average CO2 emission factors supplied by U.S 
Energy Information Administration which states that anthracite emits the largest amount 
of CO2 followed by Lignite, Sub-Bituminous and Bituminous [113, 114].  
To support the fact that addition of corn stover to the coals affects the product gas 
compositions, the carbon isotope composition of the gaseous products CO and CO2 are 
plotted with respect to the amount of corn stover in the two feedstocks (Figures 5.4.2 and 
5.4.3). With an increase in the amount of corn stover in the feed, gasification at a constant 
O2:steam ratio results in a steady increase in the carbon isotope composition of the carbon 
containing gases, or the product gas becomes isotopically heavier during gasification. On 
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the contrary, the isotope values for decreasing O2:steam ratios at any constant corn stover 
percentage results in CO being enriched and CO2 being depleted in 
13C. The implication is 
that carbon from both sources (coals and corn stover) is contributing in the generation of 
CO and CO2. Although all blends follow a similar trend, distinctions are observed in the 
isotopic signatures. For example, in blends of corn stover with sub-bituminous coal, the 
CO in the product gas is enriched in 13C compared to pure coal by a maximum of about 6 
‰ whereas CO2 is only enriched by about 3 ‰ when 30 % corn stover is added and gasified 
at an O2:steam ratio of 0.5:1 while there is only an increase of about 4 ‰ in CO and 1 ‰ 
in CO2 when corn stover is blended with lignite coal and treated under similar conditions. 
This indicates that corn stover is more readily converted to CO in the presence of sub-
bituminous coal than lignite coal at lower O2:steam ratios. Although the gas composition 
data in Table 5.3.1 shows that the difference in the CO compositions are very little between 
the two coals, the isotope analysis provides better distinctions in comparing the interactions 
between corn stover and coals. 
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Figure 5.4.2: Effect of increasing percentage of corn stover and varying 
oxygen/steam ratios on the isotopic signatures of product gases in its blends with 
DECS-38 Sub-Bituminous coal. (A) Isotopic Signature of CO, (B) Isotopic Signature 
of CO2. 
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Figure 5.4.3: Effect of increasing percentage of corn stover and varying 
oxygen/steam ratios on the isotopic signatures of product gases in its blends with 
DECS-25 Lignite coal. (A) Isotopic Signature of CO, (B) Isotopic Signature of CO2. 
 On the other hand, at higher O2:steam ratio of 2:1, as an illustration, in blends of 
corn stover and sub-bituminous coal, CO2 is enriched in 
13C compared to pure coal by a 
maximum of 7 ‰ at an O2:steam ratio of 2:1 (30 % corn stover blend) whereas CO is only 
enriched by 4 ‰, a decrease by about 2 ‰ when compared with lower O2:steam ratio of 
0.5:1. The isotope values of CO2 in blends of corn stover with sub-bituminous coal are 
slightly lower in 13C value (17.90 ‰,-16.92 ‰,-16.73 ‰) than CO2 generated from the 
blends with lignite coal (-17.37 ‰, -16.19 ‰, -15.24 ‰) at a 2:1 O2:steam and corn stover 
percentages of 10, 20 and 30 % respectively. When compared, CS blends with each of the 
coals do not show much variation in δ 13C (CO) values even with change in O2/steam ratio 
at lower percentages of corn stover, but the differences are clearly evident at higher 
loadings of corn stover. However, the same cannot be said for CO2 whose isotope value is 
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enriched in 13C with increasing O2:steam ratio at any blend percentage of corn stover.  This 
indicates that at higher O2:steam ratios, corn stover is more readily converted to CO2 while 
most of the CO is generated via coal. The results shown in Table 5.3.3, thus indicate that 
corn stover is definitely contributing towards the generation of these gases and a probable 
interactions may be existing between the blended feedstock materials. 
5.4.2 Blends with Switchgrass 
As in the case of corn stover, blends of both coals with switchgrass follow similar 
trends in the generation of the carbonaceous gases although the CO/CO2 ratios are much 
lower in blends with switchgrass implying higher carbon dioxide generation when 
compared with corn stover at any constant O2:steam ratio or blend percentage (Table 5.3.1). 
The exact reason for this occurrence is speculative but the removal of higher percentage of 
volatile matter from switchgrass during pyrolysis may be resulting in char with higher void 
fraction due to which the interaction with incoming steam is reduced, thereby, generating 
more carbon dioxide through combustion in the bottom zone of the gasifier. The isotopic 
signature (Table 5.3.3) of the carbonaceous gases produced during the gasification of coal-
switchgrass blends is shown in Figures 5.4.4 and 5.4.5. The results obtained show similar 
trends when compared with coal-corn stover blends (Figure 5.4.6), that is, the isotope 
values increase with increasing percentage of switchgrass in the feedstock at any constant 
O2/steam ratio. An interesting observation is that, based on the isotope results, the affinity 
of switchgrass towards the production of CO increases with increasing O2:steam ratio in 
the feed stream. The shift in isotope values is only about 1-1.5 ‰ at lower switchgrass 
percentages (10 % and 20 %), whereas, the difference increases to about 5 ‰ when the 
switchgrass percentage in the blends is 30 %. This is contrary to the results obtained for 
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corn stover where in the isotope values for CO increase at a constant rate with increasing 
steam concentration in the feed stream and the shift in isotope values is only about 1 ‰ 
even at higher percentages of corn stover. This may be due to the fact that switchgrass 
inherently has higher volatile content when compared to corn stover which evolves at 
higher temperatures causing a shift in the isotopic abundance of CO. 
 
Figure 5.4.4: Effect of increasing percentage of switchgrass and varying 
oxygen/steam ratios on the isotopic signatures of product gases in its blends with 
DECS-38 sub-bituminous coal. (A) Isotopic Signature of CO, (B) Isotopic Signature 
of CO2. 
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Figure 5.4.5: Effect of increasing percentage of switchgrass and varying 
oxygen/steam ratios on the isotopic signatures of product gases in its blends with 
DECS-25 lignite coal. (A) Isotopic Signature of CO, (B) Isotopic Signature of CO2. 
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Figure 5.4.6: Comparison of isotopic signatures at an O2:steam ratio of 2:1, (A) and 
(B): Blends with Corn Stover, (C) and (D): Blends with Switchgrass 
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5.5 Statistical Significance of Experimental Data 
Analysis of variance (ANOVA) was performed on the experimental results using 
Design Expert® 9.0 software to analyze the statistical significance of the data and also 
verify the effect of the treatment factors (% Biomass and O2/steam ratio) on the response 
variables (% CO, % CO2, CO/CO2 ratio, δ13C (CO) and δ13C (CO2)). The advantage of 
using ANOVA lies in the fact that multiple factors affecting a system’s performance can 
be analyzed simultaneously using all the experimental data, rather than analyzing one 
factor at a time [115]. Typically, linear or quadratic equations are used for estimating the 
relationship between treatment factors and response variables while the coefficients are 
estimated using a least-squares fit of the experimental data. The p-value determines the 
probability of a particular case that the coefficient for a specific term does not have a 
significant effect. In other words, a small p-value (generally less than 0.05) indicates that 
the individual terms in the model have a significant effect on the response and p-values 
larger than 0.1 indicate that the specific term is insignificant and does not have any effect 
on the response. In Table 5.5.1, p-values are provided for the whole model and also for 
each specific term of the model used. These p-values indicate that both the treatment factors 
have a significant effect on the percentage of CO generated during gasification of all the 
feedstocks (very low p-values << 0.05), but, the ratio of O2/steam does not have a 
significant effect on the percentage of CO2 that is generated (p-values >> 0.05). Similarly, 
very low p-values (<< 0.05) have been obtained for the other response variables (CO/CO2, 
δ13C (CO) and δ13C (CO2)) indicating that the desired output variables are significantly 
influenced by a change in the process variables. R-squared values obtained for different 
models have also been provided in Table 5.5.1. These values are close to 1 in most cases 
and thus, indicate a very good fit of the suggested models.
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Table 5.5.1: Analysis of Variance (ANOVA) for Models Generated Based on Experimental Data and Estimating the 
Statistical Significance (P-Values) Between Treatment Factors and Response Variables. 
Feedstock 
Treatment 
Factors 
Response Variables 
% CO % CO2 CO/CO2 δ 13C (CO) δ 13C (CO2) 
  P-Value P-Value P-Value P-Value P-Value 
SB + CS 
Suggested 
Model 
Quadratic 
< 
0.0001 
Quadratic 
< 
0.0001 
Quadratic 
< 
0.0001 
2FI 
< 
0.0001 
Quadratic 
< 
0.0001 
A - % CS < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
B – 
O2/Steam 
< 0.0001 0.7596 < 0.0001 0.0003 0.0008 
AB 0.0014 0.0802 0.0009 0.0015 0.0132 
A2 < 0.0001 < 0.0001 < 0.0001 - 0.0018 
B2 0.0348 0.7675 0.0682 - 0.7042 
R-Squared 0.9937 0.9960 0.9936 0.9831 0.9620 
LG + CS 
Suggested 
Model 
Quadratic 
< 
0.0001 
Quadratic 
< 
0.0001 
Quadratic 
< 
0.0001 
Linear 0.0002 Linear 
< 
0.0001 
A - % CS < 0.0001 
 
< 0.0001 
 
< 0.0001 < 0.0001 0.0027 
B – 
O2/Steam 
< 0.0001 
 
0.7253 < 0.0001 0.0275 < 0.0001 
AB 0.0016 
 
0.1244 0.0064 - - 
A2 0.0017 
 
< 0.0001 0.0033 - - 
B2 0.0483 0.9149 0.1390 - - 
R-Squared 0.9887 0.9979 0.9843 0.9410 0.9671 
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Table 5.5.1 (contd.): Analysis of Variance (ANOVA) for Models Generated Based on Experimental Data and 
Estimating the Statistical Significance (P-Values) Between Treatment Factors and Response Variables. 
 
 
Feedstock 
Treatment 
Factors 
Response Variables 
% CO % CO2 CO/CO2 δ 13C (CO) δ 13C (CO2) 
  P-Value P-Value P-Value P-Value P-Value 
SB + SG 
Suggested 
Model 
Linear 
< 
0.0001 
Quadratic 
< 
0.0001 
Linear 
< 
0.0451 
Quadratic 
< 
0.0001 
Quadratic 
< 
0.0001 
A - % SG < 0.0001 < 0.0001 0.0229 < 0.0001 0.0003 
B – 
O2/Steam 
0.0006 0.7388 0.0492 < 0.0001 0.0018 
AB - 0.8713 - < 0.0001 0.5420 
A2 - < 0.0001 - 0.1234 0.0017 
B2 - 0.0076 - 0.0209 0.4035 
R-Squared 0.9601 0.9985 0.9523 0.9996 0.9992 
LG + SG 
Suggested 
Model 
2FI 
< 
0.0001 
Linear 
< 
0.0001 
2FI 
< 
0.0001 
2FI 0.0015 2FI < 0.0001 
A - % SG < 0.0001 < 0.0001 < 0.0001 0.0023 < 0.0001 
B – 
O2/Steam 
0.0005 0.9270 0.0014 0.0189 0.0002 
AB 0.0391 - 0.0250 0.0106 0.0021 
R-Squared 0.9544 0.9885 0.9671 0.9440 0.9978 
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5.6 Isotope Equilibrium 
The generation of CO and CO2 during gasification can therefore be explained via 
two possible theories (Tables 5.3.1 and 5.3.3). One possibility is that there might be an 
existence of a partial isotopic equilibrium between CO2 and CO according to the following 
isotope exchange reaction: 
                                                                     12CO2 + 
13CO ↔ 13CO2 + 12CO                                   Eq. 5.6.1 
These two gases, CO and CO2 could be produced in isotope equilibrium or they may form 
due to the gasification of solid carbon and re-equilibrate isotopically in the gasifier 
according to Equation 5.6.1. Using the observed δ13C values for CO2 and CO and the 
carbon isotope fractionation factor reported as a function of temperature by Richet et al 
[104, 116-118], apparent equilibrium temperatures (AET) for the isotope exchange 
reaction can be estimated. Based on the values of fractionation factor for CO-CO2 isotope 
exchange provided by Richet et al.[116, 118], with an increase in temperature, the 
difference between the δ13C values of CO2 and CO decreases.  
An increase in the O2:steam ratio implies an increase in the gasification 
temperature. For blends of corn stover with both coals, only when the percentages of corn 
stover in the blend are lower (10 % and 20 %) and high temperatures in excess of 1000 °C 
at an O2:steam ratio of 2:1 are attained in the gasifier, there exists the potential for an 
isotopic equilibrium between CO and CO2 as the observed average gasifier temperatures 
are close to the calculated isotopic equilibrium temperatures (Table 5.6.1). For lower 
gasifier temperatures (i.e., lower O2:steam ratios) and higher corn stover loadings (30 %), 
the calculated apparent equilibrium temperature deviates from the observed gasifier 
temperatures. Moreover, the difference in δ13C values between CO2 and CO increases with 
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increasing temperatures which is opposite in direction to the expected trend of convergence 
in carbon isotope composition as temperature increases. Thus, an isotope exchange 
equilibrium does not exist.  
The carbon isotope results may be explained by two chemical reactions: 1) 
Boudouard reaction (Equation 5.3.4) and 2) Water Gas Shift reaction (Equation 5.3.6). 
Boudouard reaction is endothermic by nature, therefore from thermodynamics, the 
formation of CO would result in a decrease in temperature of the gasification zone. This 
reduction in temperature would, therefore, favor the water gas shift reaction which is 
exothermic by nature and high conversions of CO and steam to CO2 and H2 can be 
obtained. From the product gas compositions shown in Table 5.3.1 and maximum gasifier 
temperatures shown in Table 5.6.1, the ratio of CO/CO2 decreases with decreasing 
temperature (decreasing O2:steam ratios) for corn stover blends and therefore, the 
relationship between CO-CO2 proceeds via the kinetic conversion of CO to CO2 and no 
isotope exchange is occurring between CO and CO2 in these chemical reactions. 
A similar argument may be made for interpreting the carbon isotope composition 
of CO and CO2 in blends with switchgrass. As shown in Table 5.3.3 and Figures 5.4.4 and 
5.4.5, although CO is enriched in 13C with increasing temperature at a given percentage of 
switchgrass, and the variation in the δ13C values of CO2 is minimal (i.e., the difference in 
δ 13C values of CO2 and CO is decreasing with increasing temperatures), the calculated 
isotopic equilibrium temperatures from CO and CO2 are unreasonably high (Table 5.6.1). 
Also, the data from the product gas composition (Table 5.3.1) of the gasifier shows that the 
ratio of CO/CO2 decreases with decreasing temperature which is in conjunction with the 
results obtained for corn stover blends. The calculated AETs for all sample blends are much 
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higher than the actual gasifier temperatures and from Table 5.6.1, it is evident that the 
temperatures achieved in the gasifier are far from equilibrium and therefore, isotopic 
equilibrium is not achieved even with blends of switchgrass. 
Table 5.6.1: Comparison of Isotopic Equilibrium Temperatures of CO2-CO Product 
Gases and Experimental Gasifier Temperatures 
 
O2:Steam 
 
% CS 
Added 
to SB 
Temperature, °C  
% CS 
Added 
to LG 
Temperature, °C 
Gasifier Equilibrium Gasifier Equilibrium 
2  1055.4 1089.8  1081.3 1029.5 
1 10 900.8 > 1300 10 1010.9 > 1300 
0.5  853.5 > 1300  912.9 > 1300 
       
2  1029.3 1090.6  1041.5 1002.9 
1 20 894.1 > 1300 20 890.9 > 1300 
0.5  825.6 > 1300  852.1 > 1300 
       
2  900.7 1143.1  883.2 1078.2 
1 30 867.8 > 1300 30 826.2 > 1300 
0.5  803.3 > 1300  739.7 > 1300 
 
O2:Steam 
 
% SG 
Added 
to SB 
 
 
Temperature, °C 
 
 
 
% SG 
Added 
to LG 
Temperature, °C 
  Gasifier Equilibrium  Gasifier Equilibrium 
2  1010.6 > 1300  1037.3 > 1300 
1 10 962.1 > 1300 10 995.2 > 1300 
0.5  901.1 > 1300  908.1 > 1300 
       
2  959 > 1300  927.7 > 1300 
1 20 933 > 1300 20 847.3 > 1300 
0.5  879.1 > 1300   811.3 > 1300 
       
2  912.8 > 1300  882.1 > 1300 
1 30 899.7 > 1300 30 733.4 > 1300 
0.5  823.5 > 1300  680.9 > 1300 
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5.7 Carbon Sourcing 
To interpret the amount of each parent source incorporated into the carbon 
containing gases, the following expression has been utilized: 
                            (𝛿 𝐶13  𝑋) 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + (𝛿 𝐶
13  𝑋) 𝐶𝑜𝑎𝑙 =  𝛿 𝐶
13
𝑃𝑟𝑜𝑑𝑢𝑐𝑡      Eq. 5.7.1 
And,                                                     XBiomass + XCoal = 1                                      Eq. 5.7.2 
Where, X is the fraction of parent material incorporated into product gas. 
Therefore,                  (% 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝐶𝑎𝑟𝑏𝑜𝑛 =
 𝛿 𝐶13 𝑃𝑟𝑜𝑑𝑢𝑐𝑡  −  𝛿 𝐶
13
𝐵𝑖𝑜𝑚𝑎𝑠𝑠
 𝛿 𝐶13 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 −  𝛿 𝐶
13
𝐶𝑜𝑎𝑙
 )     Eq. 5.7.3 
For this analysis, it is assumed that the δ13C values of the parental material and the gaseous 
products are equivalent over the course of the experiment, i.e., no isotope fractionation 
occurs during the reaction [101, 119]. The contribution of each parent material in the 
generation of CO and CO2 is shown in Figure 5.7.1. The results of this analysis suggest 
that the contribution of biomass in the generation of both CO and CO2 is greater in blends 
with sub-bituminous coal as compared with blends of lignite coal. Using Equation 5.7.3, it 
can be clearly seen, that the addition of biomass has had a definite impact in the generation 
of carbon containing gases. If no interactions are present between biomass and coals, then 
the resultant product gas mixture would have isotope values that are closer to the source 
coal and enriched in 12C. As this is not occurring, it may be suggested that the synergy 
between corn stover and coals is higher at higher O2:steam ratios (2:1), with corn stover 
contributing almost up to 60 % and 70 % with respect to the generation of CO2 in its blends 
with sub-bituminous coal and lignite coal respectively, while, the blends of switchgrass 
with coals contribute only about 45 % at the same O2:steam ratio (2:1). At lower O2:steam 
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ratios (0.5:1), however, the contribution of switchgrass (43 % in blends with SB and 38 % 
in blends with LG) is higher than corn stover (36 % in blends with SB and 18 % in blends 
with LG) with respect to the generation CO2. Considering the generation of CO, the 
contribution of corn stover is maximum at an O2:steam ratio of 0.5:1 (40 % and 27 % in 
blends with SB and LG respectively) while the contribution from switchgrass is maximum 
at a 2:1 ratio of O2:steam (53 % and 41 % in blends with SB and LG respectively). These 
comparisons are being made at 30 % biomass blend ratios where the contribution of 
biomass towards the generation of CO and CO2 is the highest. These results are particularly 
important to know during co-gasification of coal/biomass blends as one of the major 
reasons for blending biomass with coal is to mitigate the emission of greenhouse gases. 
Moreover, the interpretation of these data would only help in process modeling and 
optimization of co-gasification processes. Ultimately, the usage of the data from this 
analysis depends on the end product one would like to achieve by heat treating or chemical 
conversion of coal/biomass blends.    
  
197 
 
 
      
Figure 5.7.1: Individual contribution of each biomass source towards generation of 
product gases at different O2/steam ratios. (A) Contribution in the generation of CO 
in blends with sub-bituminous coal, (B) Contribution in the generation of CO2 in 
blends with sub-bituminous coal, (C) Contribution in the generation of CO in blends 
with lignite coal, and (D) Contribution in the generation of CO2 in blends with 
lignite coal. 
 
10% CS 10% SG 20% CS 20% SG 30% CS 30% SG 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 
 The research objectives and tasks stated in Section 1.10 of Chapter 1 were 
successfully performed and some of the conclusions of this work along with 
recommendations for future research are described in this chapter.  
6.1 Conclusions 
The main objective of this work was to investigate the thermochemical conversion 
of blends of coal and biomass to create an alternative technology for offsetting the load on 
the usage of fossil fuels in producing energy. A comprehensive literature survey suggested 
a lot a knowledge gaps for co-gasification of coal-biomass blends in a moving bed gasifier 
and inconsistency in predicting kinetic parameters, synergistic interactions and weight loss 
characteristics for devolatilization of blended feedstocks. Therefore, a thorough 
investigation of pyrolysis kinetic models was conducted in this work. In addition, 
gasification characteristics of the single fuels as well as blended feedstocks were evaluated 
with an emphasis on improving the producer gas composition. Also, source apportionment 
of the blended feedstocks in generating carbonaceous gases was evaluated using a unique 
analytical technique which utilizes the difference in the carbon isotope compositions of 
coal and biomass. Based on the research work performed, some of the major conclusions 
and contributions are enlisted: 
1. The thermal decomposition characteristics of pure coals (DECS-38 Sub-
Bituminous Coal and DECS-25 Lignite Coal), pure biomass feedstocks (Corn 
Stover and Switchgrass) and coal-biomass blends (each biomass feedstock was 
blended with each coal feedstock in weight ratios of 10%, 20% and 30% 
respectively) were evaluated at various heating rates ranging between 5 °C/min and 
  
199 
 
40 °C/min using non-isothermal thermogravimetric analysis. These coals were 
chosen based on economic considerations, their low sulfur content, and high 
percentage of carbon present since the ultimate goal is to gasify these blends in a 
moving bed reactor for the production of syngas that can be used as feedstock for 
downstream processes such as Fischer-Tropsch Synthesis used for producing liquid 
fuels. Also, keeping in view of the overall gasification process, blends of higher 
percentages of biomass (in excess of 30 % by weight) was not possible for the 
conditions at which the gasifier was operated since biomass is a low density, low 
heating value fuel and addition of more biomass would make the gasification 
process less efficient. Hence, a maximum of 30 % by weight of biomass was chosen 
for this work. Two different environments comprising of an inert nitrogen 
atmosphere and a non-inert carbon dioxide atmosphere were utilized respectively 
and the weight loss profiles of each feedstock material were evaluated with respect 
to temperature.  
2. The weight loss profiles in the N2 atmosphere illustrate that the thermal evolution 
profiles of the single fuels are different from that of the blends. The thermal 
evolution profiles of sub-bituminous coal (SB) and lignite coal (LG) display only 
one major peak over a wide temperature distribution, ~ 152-814 °C for SB and ~ 
175-818 °C for LG whereas the thermal decomposition profile for corn stover (CS) 
falls in a much narrower band than that of the coals, ~ 226-608 °C and the maximum 
weight loss rate of CS is almost an order of magnitude higher than both coals. Also, 
the maximum weight loss rate of LG is much lower than that of SB. This can 
attributed to the fact that the volatile matter or the immobile phase present in LG 
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coal are bonded together with much higher molecular bond energy than that of SB 
coal and hence will be removed with a slower rate at similar temperatures.  
3. For blends of CS and SB, the first peak occurs at a maximum peak temperature of 
approximately 326-330 °C representing the devolatilization of CS (evolution of 
hemicellulose and cellulose components) while the second peak occurs at a 
maximum peak temperature of 419-430 °C representing the devolatilization of SB. 
Similar trends are observed for blends of CS and LG with maximum peak 
temperatures ranging from 318-336 °C for the devolatilization of CS and 411-423 
°C for the devolatilization of LG. Also, it can be observed that the maximum weight 
loss rate (%/min) for the CS devolatilization profile increased with increasing 
concentration of CS in the blends and vice versa for the coal devolatilization profile, 
without an apparent change in the shape and position of the peaks when compared 
to that of the single fuels. Also, the change in the maximum devolatilization rate is 
not linear with the increase in corn stover percentage indicating the possibility of 
interactions between the blended fuels. 
4. The thermal evolution profiles of switchgrass and blends of both coals with 
switchgrass during devolatilization were also evaluated. The weight loss curves 
follow a similar pattern as that of blends with corn stover. The devolatilization 
interval for switchgrass starts around 175 °C with the decomposition of 
hemicellulose and ends around 650 °C with the slow decomposition of lignin. 
When compared with blends of corn stover, a clear distinction in the DTG profiles 
can be observed. For these blends of coals and switchgrass, three different peaks 
are clearly observed, where the low temperature peaks can be attributed to the 
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decomposition of switchgrass while the high temperature peak is for the 
decomposition of coals. This is different from those observed in blends with corn 
stover, where the two low temperature peaks merge which is an indication that 
some components in coal are interacting with corn stover in the low temperature 
range of around 220 °C-380 °C. A clear distinction in the hemicellulose and 
cellulose peaks is observed when switchgrass is blended with coal. This suggests 
that no significant interactions are occurring and that the two components are 
decomposing separately.  
5. The non-linearity in the evolution of volatile matter with increasing percentage of 
corn stover in the blends verifies the possibility of synergistic behavior in the blends 
with sub-bituminous coal where deviations from the predicted yield ranging 
between 2% -7% were observed whereas very little deviations (1% - 3%) from 
predicted yield were observed in blend with lignite coal indicating no significant 
interactions with corn stover. Similar to corn stover blends, the blends containing 
switchgrass also show a clear increase in the amount of volatile matter with 
increasing percentage of switchgrass in the blend. However, clearly, the deviations 
from the predicted and experimental yield is minimal suggesting that no significant 
interactions are present during devolatilization of blends of coals and switchgrass.  
6. When compared with devolatization of the feedstock materials utilizing a N2 
atmosphere, the TGA curves with respect to temperature follow a similar pattern 
until approximately 500 °C even when pure CO2 is utilized as the sweeping gas. 
Although the mass loss rates at low temperatures are higher in pure CO2 
atmosphere, the differences are only marginal. At higher temperatures, however, a 
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significant increase in mass loss rate is observed in pure CO2 atmosphere. This may 
be understood by the stages of coal pyrolysis process. In case of 100% N2 
environment, the coal pyrolysis process has two stages: release of moisture content 
and devolatilization but the process of coal pyrolysis in pure CO2 environment can 
be divided into three stages: moisture release, devolatilization and char gasification 
or Boudouard reaction with CO2 to form CO in high temperature zone (> 500 °C) . 
Also, this difference may be explained due to the density difference and transport 
properties of these gases which are quite different (the mass of the CO2 molecule 
is different from that of N2). Moreover, the formation of char particles is larger and 
its surface area is also higher than that of the N2 char particles. Hence, the weight 
loss observed in CO2 environment is much higher. 
7. Three different kinetic models for pyrolysis in N2 atmosphere have been discussed 
and compared, of which, the matrix inversion algorithm predicts the kinetic 
parameters such that the weight loss characteristics can be best represented for both 
single fuels as well as blends of coals and biomass materials. Also, weight loss 
characteristics of unknown fuel blends at unknown heating rates can be effectively 
predicted within 1 % error through the use of this algorithm. The weight loss 
characteristics of coal-biomass blends in a CO2 environment have been compared 
with those of N2 atmosphere and the kinetic parameters for the Boudouard reaction 
have been predicted using a single first order reaction and maximum decomposition 
rate at temperatures greater than 500 °C. The distributed activation energy model 
has also been utilized to predict the weight loss of the feedstocks in a CO2 
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atmosphere over the whole temperature range of the experimental procedure (~35 
°C to 1000 °C). 
8. A laboratory-scale moving gasification system has been designed and constructed 
for the purpose of gasifying the feedstock materials. The efficiency and product gas 
compositions obtained reveal that utilizing an inner stainless steel tubing better 
promotes heat transfer upwards in the axial direction when compared to utilizing a 
quartz insulation. The trends of the product gas compositions are similar to those 
obtained using an inner quartz lining. However, the percentage of hydrogen 
generated at same operating conditions is much higher due to the increase in bed 
temperature (complete consumption of oxygen which was not achieved when using 
a quartz insulation) and transfer of heat upwards in the axial direction and thus, 
better heat utilization which improved the overall efficiency by at least 20% when 
the steam concentration was at its maximum in the gasifier. Also, unlike the quartz 
insulation where the efficiency increased only until a certain point and the 
maximum steam/O2 ratio that could be utilized was 1.5, in this experimental set-up, 
the efficiency increased steadily until a steam/O2 ratio of 2:1. In addition, the ratios 
of H2/CO, CO/CO2 and syngas/CO2, which dictate the quality of the product gas, 
are markedly higher as compared to the experimental design utilizing an inner 
quartz lining. 
9. Using pure oxygen and steam in the inlet gas stream, energy conversion efficiencies 
greater than 50 % were obtained for blends of both coals with corn stover at a steam 
to oxygen ratio of 2:1. Also, replacing pure oxygen with air as the gasifying agent 
greatly improved the H2:CO ratios (greater than 2:1 in some cases) and overall 
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efficiency in blends with corn stover. This is due to the fact that the addition of air 
at a much higher flow rate than oxygen promoted the heat transfer axially along the 
gasifier, resulting in better temperature distribution and hence, promoting the 
reaction char with steam. In contrast, blends with switchgrass are not very effective 
with respect to the overall gasification characteristics. This could be speculated to 
be because of the fact that no synergy and interactions exist in blends with 
switchgrass and addition of switchgrass to a coal source may not be very effective 
from the viewpoint of generating high quality producer gas for downstream 
operations (Fischer-Tropsch synthesis, etc.).  
10. Using a mixture of nitrogen and oxygen in the feed gas stream, the inlet gas stream 
flow rate of 1625 ml/min and oxygen percentage of 40 % provides the highest 
energy conversion efficiency and a max CO: CO2 ratio of approximately 3:1. The 
bed temperature range during the gasification of sub-bituminous coal was generally 
observed to be between 600 ºC and 800 ºC for the experiments with varying steam 
ratios and between 800 ºC and 1000 ºC for the experiments with varying oxygen 
partial pressures. 
11. An effective method has been utilized for analyzing and distinguishing the 
individual contributions of coal and biomass towards the generation of 
carbonaceous gases using the differences in their carbon isotope ratios. The 
gasification of these blends was performed at varying O2/steam ratios in a moving 
bed gasifier and the generated carbon gases were effectively analyzed using stable 
carbon isotope ratio mass spectrometry. It was observed that an increase in the 
amount of biomass in the feed led to a steady increase in the isotopic value of the 
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carbon containing gases, implying that the product gas becomes isotopically 
heavier during gasification. This is also an indication of probable synergistic effects 
between the blended materials.  
12. Furthermore, the correlation between the δ13C values and gasifier temperatures 
suggests that CO/CO2 ratio proceeds via a kinetic mechanism rather than an 
isotopic exchange.  The amount of each parent material utilized for the generation 
of the product gases was calculated using a simple mixing equation. The addition 
of biomass had a definite impact in the generation of carbon containing gases. For 
blends with corn stover, higher O2:steam ratios result in the contribution of almost 
up to 70% of carbon from corn stover in the generation of CO2, while, the blends 
of switchgrass with coals prove to be much effective at lower oxidant ratios with 
respect to the generation CO2 and vice versa for the generation of CO. Finally, it 
can be stated that the data obtained utilizing this unique analytical technique would 
provide valuable insights not only pertaining to the synergy between the blended 
feedstock materials but also towards process modeling, optimization and reaction 
pathways in the field of co-gasification of coal and biomass. 
6.2 Recommendations for Future Work 
Based on the research work performed and current technology status of coal-
biomass blends gasification, the following recommendations are suggested for future work 
with excellent avenues for research improvements in this field: 
1. The work performed in this research involved the utilization of two coal ranks and 
two biomass sources. It is a known fact that each carbonaceous feedstock varies 
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greatly in its physical and chemical properties. Hence, a mechanistic model needs 
to be developed and evaluated to provide a database of the availability of various 
biomass feedstocks and segregate these based on their properties which may be 
useful during scaling up of the process. 
2. For improving upon the devolatilization models suggested in this research, future 
work can involve utilization of thermogravimetric analysis coupled with other 
analytical techniques such as mass spectrometry or infra-red spectroscopy (TGA-
MS or TGA-FTIR) so that specific models pertaining to each component evolving 
during the devolatilization stage can be evaluated. The kinetic models coupled with 
component-specific models would be extremely useful in moving this research to 
the next stage. 
3. Also, evaluating the morphology, surface characteristics and microstructure of both 
coal chars as well as chars of coal-biomass blends is recommended due to the fact 
that difference in these properties of chars is believed to contribute towards better 
understanding the gasification characteristics of blended feedstocks. Coal char, 
generally, has a more packed cluster structure while biomass char is more 
amorphous. This is expected to result in distinct gasification characteristics due to 
differences in vapor diffusion rates within the char particles. Therefore, the 
reactivities differ significantly. Evaluation of these properties would be extremely 
useful for mathematically modeling the gasification process. 
4. ASPEN process models and hydrodynamic models (1-D and 2-D) congregating all 
the processes during gasification need to be developed and evaluated. The stable 
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carbon isotope analysis utilized in this work, also, needs to be incorporated into 
process models to better understand reaction pathways. It is important to 
mathematically model the moving bed gasification results to establish the effects 
of mass, heat and momentum. In addition, a thorough investigation pertaining to 
energy balances around a gasification plant needs to be performed. The new data 
should account for different operating conditions and biomasses to have enough 
points to cover the whole range and variability that wants to be modelled. 
5. In the research work undertaken, the main focus was on studying the kinetics of 
pyrolysis and evaluating the producer gas compositions in a moving bed gasifier. 
To further this research towards developing an alternative source for production of 
liquid fuel, downstream operations such as Fischer-Tropsch synthesis coupled with 
water gas shift reactors to adjust the concentration of hydrogen and carbon 
monoxide need to be studied. A process involving the combination of coal-biomass 
blends gasification and these downstream processes needs to be developed and 
evaluated for its viability.  
6. Finally, a thorough investigation into the costs and economics involved in the 
process of gasifying coal-biomass blends as a source for next generation alternative 
energy technology needs to be evaluated if the process is to be commercially viable.  
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APPENDIX A: MATLAB CODES USED FOR ESTIMATING KINETIC 
PARAMETERS 
In Appendix A, all the MATLAB codes used for estimating the kinetic parameters of 
devolatization are presented. Firstly, the codes used for estimating the weight loss profiles 
using the Gaussian distribution method are presented. Secondly, the elaborate codes used 
for the matrix inversion algorithm are presented. Any comments preceded by % are part of 
a description and do not actually belong to the code. 
A.1   Distributed Activation Energy Model: Gaussian Distribution of Activation 
Energy 
 
%  DAEM using Miura's method 
function Vmodel = miura2() 
clear; 
clc; 
format short 
global E T1 T2 T3 T4 alpha beta H1 H2 H3 H4 
 
alpha = exp(16.209); 
beta = 0.068; 
% Heating rate, C/min 
H1 = 5;  
H2 = 10; H3 = 20; H4 = 40; 
% Initial Temperature, K 
To = 400.5; 
[E] = xlsread('SBrates_miura.xls','Data','A5:A24'); % Obtained Activation Energy, KJ/mol 
[Vexp] = xlsread('SBrates_miura.xls','Data','g5:g24'); % Exp weight loss 
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 n = size(E); 
  
[T1] = xlsread('SBrates_miura.xls','Data','c5:c24'); 
[T2] = xlsread('SBrates_miura.xls','Data','d5:d24'); 
[T3] = xlsread('SBrates_miura.xls','Data','e5:e24'); 
[T4] = xlsread('SBrates_miura.xls','Data','f5:f24'); 
 
z1  = zeros(size(E));  
z2  = zeros(size(E));  
z3  = zeros(size(E));  
z4  = zeros(size(E));  
 
Ko = zeros(size(E)); 
 
int1 = zeros(size(E)); 
int2 = zeros(size(E)); 
int3 = zeros(size(E)); 
int4 = zeros(size(E)); 
 
Vmodel = zeros(size(E)); 
for i=1:size(E) 
     
  z1(i) = quadgk(@temp, To, T1(i));   
  z2(i) = quadgk(@temp, To, T2(i));  
  z3(i) = quadgk(@temp, To, T3(i));  
  z4(i) = quadgk(@temp, To, T4(i));  
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  Ko(i) = alpha*exp(E(i)*beta) ;   
   int1(i) = -(Ko(i)/H1)*z1(i); 
   int2(i) = -(Ko(i)/H2)*z2(i); 
   int3(i) = -(Ko(i)/H3)*z3(i); 
   int4(i) = -(Ko(i)/H4)*z4(i); 
 Vmodel(i)= quadgk(@integral,0,E(i)); 
 End 
 
  plot(T1,Vexp,'-r',T2,Vexp,'-b',T3,Vexp,'-g',T4,Vexp,'-c', 
T1,Vmodel,'or',T2,Vmodel,'ob',T3,Vmodel,'og', T4,Vmodel,'oc') 
    
  title('Comparison of Experimental and Calculated V/Vf for Sub-Bituminous Coal') 
  xlabel('Temperature, K') 
  ylabel('V/Vf') 
  legend('5 C/min', '10 C/min','20 C/min','40 C/min') 
   
function y  = temp(T) 
global E 
for i=1:size(E) 
y=exp(-E(i) *1000./(8.314*T)); % The exponential term 
end 
 
function p = integral(X) 
global E  
 
% Parameters obtained from logistic distribution 
fo = 0.000298051; 
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A=0.84114; 
w=123.06867; 
Ec=267.37791; 
 p = zeros(size(E)); 
 for i=1:size(E) 
        p =(((fo + (A/(1.2533*w))*exp(-2*((X-Ec)/w).^2)))); 
     end 
 
The same code is used for determining the weight loss profiles of all feedstock materials 
by inputting the required data sets of those particular feedstocks. 
A.2      Matrix Inversion Algorithm 
The codes presented here are shown for DECS-38 sub-bituminous coal only as an 
illustration. The same codes are used for estimating the kinetic parameters of all other 
feedstocks, both single fuels as well as blended feedstocks, by inputting the appropriate 
TGA data sets at different heating rates. 
1. Matmodel2: This code uses the inversion algorithm described in Chapter 2 and 
calculates the values of activation energy, pre-exponential factor and initial mass 
fraction of each reaction occurring during devolatilization. This code is a part of 
several other codes used in the calculation of these kinetic parameters. Both real 
TGA data and simulated data can be used in this code. 
 
 
function c= Matmodel2(T1,T2,B,Tr,xx,B1,B2,T0) 
% T1 and T2 are the temperature data sets corresponding to the values of X 
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% for the specified number of reactions. 
 
% B1 and B2 are the heating rates corresponding to T1 and T2 
% Tr is the reduced set of temperature data selected for the calculation of PE. 
% B is the heaitng rate corresponding to Tr 
% xx is the set of X values chosen by specifying the number of reactions 
 
warning off 
options2=optimset('MaxIter',100000,'TolFun',1e-4,'TolX',1e-
4,'MaxFunEvals',100000); 
 
% This defined the error tolerance of the calculations 
n=length(T1); % This specifies how many calculations there will be for E and PE 
 
for i=1:n 
E(i)=fminbnd('AEerror2',0,1200,options2,T1(i),T2(i),T0,B1,B2); 
% This applies the built-in solver ‘FMINBND’ to the program ‘AEerror2’ with the 
% specified parameters. The minimum and maximum values of E that can be found 
by iteration 
% are 0 and 1200 respectively. Options2 defines the tolerance of the iteration. 
 
PE(i)=Ai2(E(i),T1(i),T2(i),T0,B1,B2); 
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% This uses the code Ai2 with the specified parameters to calculate the value of PE 
using the calculated value of E 
 
PE(1)=0.0000001; % Initial guess for PE 
 
chi_check20(i)=chi(E(i),PE(i),T1(i),T0,B,B2); 
chi_check100(i)=chi(E(i),PE(i),T2(i),T0,B,B2); 
% the above two commands provide a check of the matrix Ψ.  
end 
 
check=[chi_check20' chi_check100'] 
 
a=isfinite(PE'); % This find all the finite values of PE 
PE=PE(a); 
E=E(a); 
 
q=length(Tr); % reduces no of data points in TGA set 
npoints=q; 
nn=length(E); 
Tr1i=Tr; 
 
for i=1:npoints 
for j=1:nn 
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term1(j)=quad(@term,T0,Tr1i(i),[],[],E(j)); 
chi1(i,j)=exp((-PE(j)/B)*(term1(j))); 
chi1(i,nn+1)=1; 
chi_1(i,j)=chi(E(j),PE(j),Tr1i(i),T0,B,B2); %Uses the code ‘chi’ to create χ 
chi_1(i,nn+1)=1; 
end 
end 
% The above loop creates the chi matrix using the obtained E and PE. The function 
‘term’ 
% represents the temperature integral. 
 
options3=optimset('TolX',10); 
f0=lsqnonneg(chi_1,xx) %This uses matrix inversion to calculate the values of f0. 
m=100; 
T=linspace(T0,1167,m); 
for i=1:m 
for j=1:nn 
term1(j)=quad(@term,T0,T(i),[],[],E(j)); 
 
chi2(i,j)=exp((-PE(j)/B1)*(term1(j))); 
chi2(i,nn+1)=1; 
chi_2(i,j)=chi(E(j),PE(j),T(i),T0,B,B2); % Uses the code ‘chi’ to create χ 
chi_2(i,nn+1)=1; 
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end 
end 
% This loop creates the chi matrix for the other heating rate. 
 
[length(f0) length(E') length(PE')]; 
 
E(n+1)=0;PE(n+1)=0;  
% This defined the last E and PE values as 0 since they represent ash. 
 
c=[f0 E' PE'];  
% The final output of this code. These are the values of f0, E and PE for each 
reaction. 
 
2. AError2: This function solves each term of the temperature integral defined in 
Chapter 3 using the inbuilt EXPINT function. 
 
function error = AEerror2(E,T1,T2,T0,B1,B2) 
% This uses the EXPINT function to find the integral from X to inf of exp(-t)/t dt 
 
R=8.314; % Universal gas constant in j/molK 
% Each term in the temperature integral is defined here. 
 
first=T0*exp(-E*1000/(R*T0)); 
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aa=E*1000/(R*T0); 
bb=exp(-aa)/aa; 
second=(-E*1000/R)*expint(aa); 
third=T1*exp(-E*1000/(R*T1)); 
cc=E*1000/(R*T1); 
dd=exp(-cc)/cc; 
fourth=(E*1000/R)*expint(cc); 
fifth=first; 
sixth=second; 
seventh=T2*exp(-E*1000/(R*T2)); 
ee=E*1000/(R*T2); 
ff=exp(-ee)/ee; 
eighth=(E*1000/R)*expint(ee); 
ls=(1/B1)*(first-second-third+fourth); %LHS of EQ 2.17 
rs=(1/B2)*(fifth-sixth-seventh+eighth); %RHS of EQ 2.17 
error = sqrt((1-rs/ls)^2); 
 
3. Ai2: The value of pre-exponential factor is estimated using this code by combining 
Eq. 3.3.6 through Eq. 3.3.10 of Chapter 3. 
 
function y = Ai2(E,T1,T2,T0,B1,B2) 
R=8.314; % Universal gas constant in j/molK 
% terms in Eq 3.26 
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first=T0*exp(-E*1000/(R*T0)); 
aa=E*1000/(R*T0); 
bb=exp(-aa)/aa; 
second=(E*1000/R)*expint(aa); 
third=T1*exp(-E*1000/(R*T1)); 
cc=E*1000/(R*T1); 
dd=exp(-cc)/cc; 
fourth=(E*1000/R)*expint(cc); 
Ai=-B1/(first-second-third+fourth); 
y=Ai; 
 
4. Chi: This code calculates the matrix Ψ described in Chapter 3. 
 
function error = chi(E,PE,T2,T0,B1,B2); 
%This uses the approximation for integral from X to inf of exp(-t)/t dt to 
% create the matrix chi. 
A=PE; 
R=8.314; % Universal gas constant in j/molK 
first=T0*exp(-E*1000/(R*T0)); 
aa=E*1000/(R*T0);bb=exp(-aa)/aa; 
second=(E*1000/R)*expint(aa); 
 
third=T2*exp(-E*1000/(R*T2)); 
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cc=E*1000/(R*T2);dd=exp(-cc)/cc; 
fourth=(E*1000/R)*expint(cc); 
rhs=(A/B1)*(first-second-third+fourth); 
error = exp(rhs); 
 
5. Term: 
% This code simply defines the exponential term ‘exp(-E/RT) 
 
function y=term(T,E) 
y=exp(-E*1000./(8.314*T)); % The exponential term 
 
6. Orates: The TGA curves for known and unknown heating rates are created using 
this code. The kinetic parameters obtained using Matmodel.m are used as inputs to 
this code. The matrix Ψ is created and mass fraction remaining is obtained by 
multiplying with mass fraction associated with each reaction. 
 
function z=orates(f0,T0,E,PE,b,Tup,m) 
% b is the heating rate in K/min 
% Tup is the maximum temperature that the curve should reach 
% m is the number of points on the curve 
 
B=b/60; %K/sec 
s=size(E'); 
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nn=s(:,1); 
T=linspace(T0,Tup,m); % This selects a number of evenly spaced temperature 
points 
for i=1:m 
for j=1:nn 
term1(j)=quad(@term,T0,T(i),[],[],E(j)); 
chi2(i,j)=exp((-PE(j)/B)*(term1(j))); 
chi2(i,nn+1)=1; 
end 
end 
% This loop creates the matrix chi using kinetic and temperature data 
 
M=chi2*f0 
z=[T' M] 
 
x=z(:,1);y=100.*z(:,2); 
deriv=-diff(y)./diff(x) % This calculates the discreet derivatives of the data sets 
x=x(2:length(x)); 
hold on 
plot(x,deriv,'m--') % This plots the derivative curve on the same axes 
ylabel('Derivative Mass Fraction Remaining') 
plot(T,M,'b.') % This plots the TGA curve 
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7. Pyrolysis: This code applies the DAEM algorithm to actual TGA data. Data from 
any two heating rates can be used as input to this code. 
function c = pyrolysis() 
clear; 
clc; 
% Heating Rates, C/min 
 b1=5;  
 b2=40; 
B1=b1/60; % heating rate K/sec 
B2=b2/60; % heating rate K/sec 
T0=300; % Initial temp 
R=8.314; %j/molK 
 nrxns=50; 
 rnTGA=100; 
% Real TGA data for lower heating rate 
 [TT1,Temp1,alldata] = xlsread('SBrates.xls','5 C min','d154:d18220'); % Temp 
Data 
 [x1,MF1,alldata] = xlsread('SBrates.xls','5 C min','h154:h18220'); % Weight loss 
data 
 
% Real TGA data for higher heating rate 
[TT2,Temp2,alldata] = xlsread('SBrates.xls','40 C min','d167:d6726'); 
[x2,MF2,alldata] = xlsread('SBrates.xls','40 C min','h167:h6726'); 
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Tr1=linspace(TT1(1),TT1(length(TT1)),rnTGA)'; % reducing TGA points 
Tr2=linspace(TT2(1),TT2(length(TT2)),rnTGA)'; % reducing TGA points 
  
 Xr1=interp1q(TT1,x1,Tr1); 
 Xr1(1)=0.998; 
  
 Xr2=interp1q(TT2,x2,Tr2); 
 Xr2(1)=0.998; 
 Xr2(end)=0.56; 
 
% %Initial and end values need to be specified to allow calculations 
 
 TT1=Tr1; 
 TT2=Tr2; 
 x1=Xr1 
 x2=Xr2 
 x1(length(x1))=x1(length(x1)-1); 
 X=linspace(0.998,0.56,nrxns)' % Choosing conversions 
 
 T1=interp1q(flipud(x1),flipud(TT1),X); 
 T2=interp1q(flipud(x2),flipud(TT2),X); 
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 plot(T1,X,'go') 
 hold on 
 plot(T2,X,'ro') 
 plot(TT1,x1,'g') 
 plot(TT2,x2,'r') 
 
 deriv1=-100*diff(x1)./diff(TT1)  
 Tt1=TT1(2:length(TT1))'; 
 deriv2=-100*diff(x2)./diff(TT2) 
 Tt2=TT2(2:length(TT2))'; 
  plot(Tt1,deriv1,'g') 
  plot(Tt2,deriv2,'r') 
  
 Xtga=x1; % Data for either heating rate may be used to calculate E and PE 
 data3=Matmodel2(T1,T2,B1,Tr1,Xtga,B1,B2,T0) % Applying DAEM algorithm 
to data 
 f0=data3(:,1) 
 E=data3(:,2) 
 PE=data3(:,3) 
 c=[f0 E PE]; 
 
% Plotting kinetic parameters as a function of conversion 
f0=f0(1:50); 
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X=X(1:50); 
figure(2); 
stem(X,f0) 
xlabel('Mass Fraction Remaining'); 
ylabel('f0, Mass Fraction of Fuel Associated with Reaction'); 
 
E=E(1:50); X=X(1:50); 
figure(3); 
stem(X,E) 
xlabel('Mass Fraction Remaining'); 
ylabel('E (KJ/mol)'); 
 
PE=PE(1:50); 
X=X(1:50); 
figure(4);hold on 
stem(X,PE,'.b') 
xlabel('Mass Fraction Remaining'); 
ylabel('A (/sec)'); 
 
8. Pyrolysis1: This code is used for estimating the weight loss profiles at unknown 
heating rates not used in the algorithm. The kinetic parameters obtained for real 
TGA data at known heating rates using previous codes are used as inputs to this 
code. 
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function c = pyrolysis1() 
% nrxns is the number of points at which to calculate the kinetics, or the number of 
reactions 
% rnTGA is the number of points that the TGA data should be reduced to 
% nTGA is the number of points that orates.m uses to create the data 
% b1 and b2 are the heating rates used in K/min 
clear; 
clc; 
 
b1=10; 
b2=20; 
B1=b1/60; 
B2=b2/60; 
 
T0=300; 
R=8.314; % Universal gas constant in j/molK 
 
nTGA=100; 
rnTGA=100; 
 
f0= [0.54894922 0.00370381 0.021526785 0.007376867 0.006970187
 0.026344887 0.016856559 0.011701375 0.022369799 0.012156829
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 0.022985722 0.019675679 0.007490796 0.042997369 0.003156278
 0.027915627 0.011575587 0.0097363 0.014827114 0.004765505
 0.010518342 0.008007697 0.008804414 0.008575667 0.00905741
 0.008390065 0.009093133 0.00779559 0.009968905 0.007247496
 0.011794159 0.005119809 0.008592462 0.012718192 0.030654896 
0]'; 
 
E = [293.810372 523.6464203 439.7116109 4.85895261 92.83742045
 66.94006184 59.85523809 223.0812877 1199.999906 24.80397376
 41.08870387 100.0708152 119.5127056 182.4481902 197.6091577
 243.7077374 262.3374918 305.2370132 330.345946 356.970629
 382.4309661 403.9481959 410.872351 398.9204904 376.3977433
 350.659064 328.0705123 305.8166101 284.0888109 263.640219
 245.7139639 230.57669 216.8757918 200.5473982 141.6867706]; 
 
PE= [1.00E-07 6.34E+87 1.45E+73 0.026853079 1.11335E+12
 34108032.39 1896602.687 1.18E+28 1.20E+156 1.795308473
 18.96809319 612261.6267 15991778.85 3.93468E+11 4.2429E+12
 4.97E+15 8.43E+16 5.16E+19 2.06E+21 9.46E+22
 3.14E+24 4.80E+25 6.35E+25 4.05E+24 5.06E+22
 4.04E+20 5.55E+18 8.62E+16 1.57E+15 3.71694E+13
 1.34296E+12 74485045041 5207872042 278720029.2 38041.67707]; 
% Kinetic Parameters obtained using known heating rates 
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data1=orates(f0,T0,E,PE,B1*60,1200,nTGA); % Generates TGA data at heating 
rate B1 
TT1=data1(:,1); x1=data1(:,2); % Defines temperature and weight percent data sets 
 
data2=orates(f0,T0,E,PE,B2*60,1200,nTGA); % Generates TGA data at heating 
rate B2 
 TT2=data2(:,1); x2=data2(:,2); % Defines temperature and weight percent data 
sets 
 
c = [data1 data2]; % Temperature and weight loss data at unknown heating rates 
 
deriv1=-100*diff(x1)./diff(TT1)  
 Tt1=TT1(2:length(TT1))'; 
 deriv2=-100*diff(x2)./diff(TT2) 
 Tt2=TT2(2:length(TT2))'; 
  plot(Tt1,deriv1,'g') 
  plot(Tt2,deriv2,'r') 
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